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ABSTRACT

Epigenetic regulation of gene expression is tightly
controlled by the dynamic modification of histones
by chemical groups, the diversity of which has largely
expanded over the past decade with the discovery
of lysine acylations, catalyzed from acyl-coenzymes
A. We investigated the dynamics of lysine acetyla-
tion and crotonylation on histones H3 and H4 dur-
ing mouse spermatogenesis. Lysine crotonylation
appeared to be of significant abundance compared
to acetylation, particularly on Lys27 of histone H3
(H3K27cr) that accumulates in sperm in a cleaved
form of H3. We identified the genomic localization of
H3K27cr and studied its effects on transcription com-
pared to the classical active mark H3K27ac at pro-
moters and distal enhancers. The presence of both
marks was strongly associated with highest gene ex-
pression. Assessment of their co-localization with
transcription regulators (SLY, SOX30) and chromatin-
binding proteins (BRD4, BRDT, BORIS and CTCF) in-
dicated systematic highest binding when both ac-
tive marks were present and different selective bind-
ing when present alone at chromatin. H3K27cr and

H3K27ac finally mark the building of some sperm
super-enhancers. This integrated analysis of omics
data provides an unprecedented level of understand-
ing of gene expression regulation by H3K27cr in com-
parison to H3K27ac, and reveals both synergistic and
specific actions of each histone modification.

INTRODUCTION

Histone post-translational modifications (PTMs) act as
crucial epigenetic regulators in multiple biological processes
by modulating chromatin compaction, organizing DNA re-
pair and fine-tuning gene expression. Since its identifica-
tion as a histone lysine modification in 1963 (1), acetyla-
tion of several histone lysine residues has been functionally
characterized and shown to activate transcription (2), by
binding bromodomain-containing proteins and transcrip-
tion factors (3). Over the past 12 years, new PTMs that mod-
ify lysine residues have been discovered. These modifica-
tions, collectively called acylations, possess variable electro-
static and structural features: propionylation and butyry-
lation bear an additional methyl or ethyl group compared
to acetylation (4); crotonylation specifically contains an un-
saturated bond, which confers to it a planar configuration
(5); malonylation, succinylation and glutarylation end up
with a carboxylic acid (6,7), whereas hydroxy-butyrylations
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bear an OH group (8,9). More recently, the landscape of
histone lysine PTMs has further broadened with the iden-
tification of benzoylation and lactylation (10,11). All these
studies have established that histones can be modified by a
rich repertoire of acylations, by the reaction between acyl-
coenzymes A (acyl-CoAs) and the primary amine on ly-
sine side chain. The epigenetic landscape thus appears to
be intricately controlled by the cell metabolic status, and
more precisely by the nuclear concentrations of acyl-CoA
molecules (12).

One key question that emerged from the discovery of
this large palette of PTMs is whether they fulfill redun-
dant functions with acetylation or they are endowed with
specific roles, notably in chromatin structure and gene ex-
pression control. To address this question, previous works
have focused on the identification of enzymes capable
of catalyzing acylations, called ‘writers’; of enzymes in
charge of removing acylations, called ‘erasers’; and of the
proteins that would preferentially bind non-acetyl acyla-
tions compared to acetylation, called ‘readers’. The his-
tone acetyltransferase (HAT) p300 was shown to accom-
modate various acyl-CoA cofactors and thus to catalyze
a range of acylations, among which are acetylation, pro-
pionylation, butyrylation, crotonylation and hydroxybu-
tyrylations (13-15). Crotonylation can be catalyzed by the
acetyltransferase MOF (KATS®) in addition to p300 and
CBP (16), while succinylation can be catalyzed by GCNS5
(KAT2A) acting in tight collaboration with a nuclear pool
of a-ketoglutarate dehydrogenase complex that ensures lo-
cal production of succinyl-CoA (17). Erasers are glob-
ally classified into two families, namely Zn>*-dependent
histone deacetylases (HDACI-11) and NAD"-dependent
sirtuin deacetylases (SIRT1-7). While acetylation is re-
moved by HDACSs, longer chain acylations are usually re-
moved by diverse sets of Sirtuins: SIRT1-3 erase propiony-
lation and butyrylation, SIRTS the three acidic acylations,
SIRT3 removes B-hydroxybutyrylation at lysine residues
not flanked by glycine and HDACS3 catalyzes this removal
regardless of the neighboring residues, and SIRT2 ensures
de-benzoylation (12,18,19,10). The catalytic removal of
crotonylation has been attributed either to SIRT1-3 (20) or
to HDACI-3 (21). Finally, the probable divergence of func-
tions between acetylation and longer chain acylations essen-
tially lies in readers that would preferentially dock onto one
type of PTM. Bromodomain-containing proteins have long
been described to bind acetylated lysines (22), and their abil-
ity to recognize longer chain acylations has been extensively
studied. While the majority of human bromodomains only
bind acetylated and propionylated peptides, a few also rec-
ognize butyrylated and crotonylated lysines (23). Very inter-
estingly, in a short period of time, several studies reported
that the double PHD finger (DPF) domains of MOZ and
DPF2, and YEATS domains exhibited a strong preference
for crotonylated lysines (Kcr) (24-27). More recently, the
YEATS domain of GAS41 was demonstrated to recognize
succinylated Lys122 from histone H3 (28). Further research
is necessary to get the full picture of proteins binding acyla-
tions more strongly than acetylation (29) and confer specific
roles to them in the context of chromatin.

Lysine crotonylation was originally described in the con-
text of mouse spermatogenesis which is a model system

where dramatic changes occur in chromatin (5). During this
differentiation process, diploid spermatocytes (SC) undergo
meiotic divisions to yield round spermatids (RS). The latter
further evolve into elongating and condensing spermatids
(EC) whose chromatin gets compacted, while histones are
removed from the genome to be eventually replaced by pro-
tamines (30). Finally, sperm only contains a few percent
of the histones originally present in diploid cells (31). In
mouse germinal cells, a genome-wide hyperacetylation at
post-meiotic steps has been associated with the eviction of
histones and their substitution by protamines (32,33). Be-
sides, a global increase of lysine crotonylation has been de-
scribed at the latest stages of spermatogenesis (5). Impor-
tantly, by ChIP-seq experiments using pan-Kcr antibod-
ies, it was established that histones harboring crotonyla-
tion marks and lying around Transcription Start Sites (TSS)
are more associated with actively transcribed genes than
acetylated histones. Nonetheless, the precise histone lysine
residues that contribute to the global Kcr increase are not
yet determined. Interestingly, in spite of the evolutionary
distance between mouse and yeast, mouse spermatogene-
sis has functional similarities with yeast sporulation. These
two processes share a meiosis step, a dramatic chromatin
reorganization accompanied by profound changes in his-
tone PTMs, and end up with the tight compaction of the
genome to protect it against environmental cues (34). Dy-
namic acetylation and phosphorylation occur during this
process and a critical role has been attributed to acetylation
during the final steps of chromatin organization in spores
(35). In particular, hyperacetylation of the N-terminal tail
of histone H4 has also been found to occur during yeast
sporulation late after meiosis (35). Lysine crotonylation has
not yet been studied during this process.

In the present study, we explored in parallel the dynam-
ics of lysine acetylation and crotonylation in histones H3
and H4 in the contexts of mouse spermatogenesis and yeast
sporulation. The crotonylation marks H4K8cr, H3KOcr,
H3K18cr and H3K27cr, in combination with specific sets
of neighboring modified lysine residues, were found to
be evolutionary conserved. In mouse, crotonylation lev-
els appeared to be of significant abundance in comparison
to acetylation on H4K8 and H3K27. H3K27cr is main-
tained in sperm where it accumulates in a cleaved form
of histone H3. Metabolomic analyses of various acyl-CoA
molecules were performed to evaluate a possible correlation
between histone modification levels and cellular concentra-
tions of the acyl-donor molecules. Finally, given its simi-
larity to H3K27ac which is described to mark active tran-
scription at promoters and distal enhancers, we obtained
the genome-wide localization of H3K27cr in mouse ger-
minal cells and compared its localization with transcrip-
tion factors/regulators. As a whole, this study reveals that
H3K27cr is a hallmark of active genes, located at the pro-
moters of around 7000 genes in round spermatids, particu-
larly of those specific to spermiogenesis, and at ~9000 pu-
tative enhancers. Association of H3K27cr with H3K27ac
signifies even stronger gene activation while each mark
also exhibits specificities such as concentrating more on
specific genomic regions and enhanced binding to certain
transcription factors/regulators. Among distal enhancers,
super-enhancers concentrate transcription factors and co-
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activators to induce the expression of distant genes, es-
pecially lineage-specific genes. We observed that a com-
bined high level of H3K27ac and H3K27cr exists in super-
enhancers determined in SC and RS cells. In addition, some
sperm super-enhancers already exist in RS with the presence
of both marks, which suggests that H3K27cr contributes to
defining at least some super-enhancers.

MATERIALS AND METHODS
Mice

All animals used in the present study were of C57BL/6
background and processed at adult age (between 2-
and 6-month-old males). Animal procedures were sub-
jected to local ethical review (Comite d’Ethique pour
I’Experimentation Animale, Universite Paris Descartes;
registration numbers: CEEA34.JC.114.12; APAFIS 14214-
2017072510448522v26).

Germ cell purification by elutriation

Enriched fractions of primary spermatocytes, round sper-
matids and elongating/condensing spermatids were ob-
tained using two to three mice per experiment (i.e. four to
six testes) by centrifugal elutriation as described previously
(36). Specifically, freshly dissected testes were chopped
in DMEM (GIBCO) and incubated for 30 min at 31°C
with 2.5 mg/ml trypsin (GIBCO) and 50 mg/ml DNase |
(Sigma). After adding 8% of fetal calf serum (GIBCO), the
cells were passed through a 100-um filter. Cells were then
centrifuged at 500 g for 15 min and resuspended in DMEM
0.5% bovine serum albumin (Sigma) with 50 mg/ml DNase
I, and cooled on ice. Cells were then separated using a stan-
dard chamber with a JE-5.0 rotor in a J-6M/E centrifuge
(Beckman). Fractions enriched in elongating/condensing
spermatids were collected at 3000 rpm with a flow rate of 16
ml/min (purity ~90-99%), round spermatids were collected
at 3000 rpm with a flow rate of 40 ml/min (purity ~70-90%)
and primary spermatocytes were collected at 2000 rpm with
a flow rate of 28 ml/min (purity ~60-80%). Collected frac-
tions were washed in 1x PBS, then frozen down at —80°C.
For ChIP-seq analyses, prior to freezing, cell pellets were
crosslinked for 10 min at room temperature in 1 x PBS con-
taining 1% formaldehyde. Then glycine was added (125 mM
final concentration) and samples were incubated for 5 min
at room temperature, before being washed twice with ice-
cold 1x PBS and frozen down at —80°C.

Germ cell purification by FACS

Highly enriched fractions of primary spermatocytes
(>90%) and round spermatids (~99%) were collected
following a protocol adapted from (37) with the following
modifications. Seminiferous tubules were treated with col-
lagenase type I at 120 U/ml (GIBCO) for 30 min at 36°C
in 1x HBSS (GIBCO) supplemented with 20 mM HEPES
pH 7.2, 1.2 mM MgSOy, 1.3 mM CaCl,, 6.6 mM sodium
pyruvate, 0.05% lactate. Then tubules were collected at
the surface of a 40 pm cell strainer and incubated in cell
dissociation buffer (Invitrogen) supplemented with 10
wg/ml DNase I (Sigma) for 15 min at 36°C. After filtration
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using a 40 wm cell strainer, the flowthrough was centrifuged
for 10 min at 300 g. The cell pellet was resuspended in 1x
HBSS supplemented with 20 mM HEPES pH 7.2, 1.2 mM
MgSOy, 1.3 mM CaCl,, 6.6 mM sodium pyruvate, 0.05%
lactate, 0.5 mM glutamine and 1% fetal bovine serum.
Cells were then stained with Hoechst 33342 (Invitrogen)
at a concentration of 5 wg/ml for 45 min at 36°C. Prior
to FACS analysis, 2 pg/ml propidium iodide (SIGMA)
was added. Analysis and cell collection were performed at
the Cochin Cytometry and Immunobiology Facility using
an ARIA III cell sorter (Becton Dickinson, San Jose, CA,
USA) using parameters described in (38).

For germ cell fractions purified by elutriation or FACS,
cell purity was assessed for each sample by microscope ob-
servation following DAPI (4,6-diamidino-2-phenylindole)
staining (VECTASHIELD Mounting Medium with DAPI,
Vectorlab, Burlingame, CA, USA) of cells spread onto glass
slides and fixed with 4% buffered paraformaldehyde.

Collection of epididymal spermatozoa

Spermatozoa were collected from cauda epididymides as
described previously (39). In brief, using small pipette
tips, spermatozoa cells were gently squeezed out of
cauda. Sperm cell purity was assessed for each sample by
microscope observation following DAPI (4,6-diamidino-
2-phenylindole) staining (VECTASHIELD Mounting
Medium with DAPI, Vectorlab) of sperm cells spread onto
glass slides and fixed with 4% buffered paraformaldehyde.
All samples used in our analyses contained >99% of
spermatozoa.

Immunofluorescence and immunohistochemistry

Testes collected from adult mice were fixed for >5 h in
4% paraformaldehyde, then cut in half and either left in
paraformaldehyde or incubated in Bouin reagent overnight.
Immunofluorescence and immunohistochemistry were per-
formed on 4-pm testicular sections as previously described
(38) or using NovoLink Polymer Detection System (Leica),
with modifications as follows. Antigen retrieval was per-
formed by incubating slides for 40 min in 0.01 M sodium
citrate solution (pH 6) in a water bath at 96°C. For immuno-
histochemistry using 3,3’-diaminobenzidine, slides were in-
cubated in peroxidase block (Leica, Wetzlar, Germany) for
30 min. Permeabilization was performed for 10 min with
0.5% Triton X-100. Blocking was performed for 1 h at
room temperature in 1x PBS, 0.1% Tween, 1% BSA. Anti-
H3K27cr antibody (PTM-526 from PTM BIO) was diluted
(at 1/100 for immunofluorescence, 1/300 for immunohis-
tochemistry) in blocking buffer and incubated overnight
at 4°C. For immunofluorescence experiments, slides were
incubated with Alexa Fluor 488-labeled goat anti-(mouse
IgG) (1/500; Life technologies) and Alexa Fluor 594-
conjugated peanut agglutinin lectin (1/500; Life technolo-
gies) diluted in 1x PBS for 1 h at room temperature. Lectin
was used to stain the developing acrosome and determine
the stage of testis tubules as described in (40). DAPI (in
VECTASHIELD Mounting Medium) was used to stain
nuclei. Immunofluorescence pictures were taken with an
Olympus BX63 microscope and montage was performed
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using ImageJ 1.48v (http://imagej.nih.gov/ij/). Immunohis-
tochemistry pictures were taken with Perkin Elmer Lamina
slide scanner and analyzed using CaseViewer software.

Acid extraction of histones from mouse germinal cells

Histones were extracted from mouse germinal cells at dif-
ferent steps of spermatogenesis. On an average 5 million
cells from each stage, namely spermatocytes, round sper-
matids and 10 million elongating/condensing cells were
used. Briefly, cells were resuspended in 0.2 M sulfuric acid
at 4°C before proceeding to six sonication cycles of 5 s at
an amplitude of 20% with a break of 5 s between two cy-
cles, using the sonicator (Vibracell 75186 equipped with a
3-mm probe CV18). Lysed cells were incubated on ice for
1h30 to extract histones. The lysates were centrifuged at 14
000 rpm for 10 min at 4°C and the acid extracted histones,
contained in the resulting supernatant, were precipitated by
incubation with trichloroacetic acid (TCA) at a final con-
centration of 20% for 45 min. The precipitate was subjected
to centrifugation at 18 400 g for 15 min at 4°C. The subse-
quent histone pellet was washed with cold acetone contain-
ing 0.05% HCI, dried at room temperature, and resuspended
in 100 pl of SDS-PAGE loading buffer. Extracted histones
were separated on a 12% acrylamide gel to evaluate sample
quality and histone quantity. For nanoLC-MS/MS analy-
sis, ~10 pg of acid-extracted protein were loaded on a 12%
acrylamide gel. After separation, usually four gel slices cov-
ering the MW range of histones were cut and then reduced
with dithiothreitol, alkylated with iodoacetamide and in-gel
digested with 0.1 pg trypsin (V511, Promega) per slice using
a Freedom EVO150 robotic platform (Tecan Traging AG,
Switzerland).

Purification of histones from sporulating yeast

Histones were obtained at four critical time points of sporu-
lation, namely upon induction of this process by changing
the culture medium (7" = 0), at the time of meiosis (7' =
4 h), at T = 10 h and when sporulation was complete (T
= 48 h). Sporulation was performed as described in (395).
The strain yJG109 in which H3 was N-terminally Flag-
tagged has been used to purify histones (35). Yeasts were
resuspended in Tris 50 mM pH7.5, EDTA 1 mM, NaCl
300 mM, NP-40 0.5%, glycerol 10%, DTT 1 mM, Com-
plete Protease Inhibitor Cocktail (Roche), Trichostatin A
100 nM and Phosphatase Inhibitor Cocktail (Ref P0044,
Sigma) (TENG-300 buffer). They were disrupted in a Fast-
Prep (MP Biomedicals) using glass beads for 45 s at 6.5 m
s~!. Lysates were then sonicated three times 30 s with 30 s
breaks for a total of ~150 kJ. Soluble extracts were obtained
by centrifugation for 15 min at 20 000 g and incubated with
anti-Flag M2 resin (A2220, Sigma) for 3 h at 4°C under ro-
tation. Bound proteins were washed (four times with TENG
buffer containing NaCl 500 mM, then with a final wash
in TENG-300). Histones were eluted in TENG-300 added
with 0.5 mg ml~! of M2 Flag peptide (30 min at 4°C). His-
tone samples were then processed and analyzed in a similar
way as those from mouse cells.

Mass spectrometry analysis of mouse germinal cells

The histone tryptic peptides were resuspended in 2.5% ace-
tonitrile (ACN) and 0.05% trifluoroacetic acid (TFA). Pep-
tides were then loaded on a PepMap CI18 precolumn (300
pm x 5 mm) and separated on a C18 reversed-phase cap-
illary column (75 pm i.d. x 15 cm ReproSil-Pur C18-AQ,
3 pwm particles) using the UltiMate™ 3000 RSLCnano sys-
tem (Thermo Fisher Scientific) coupled to a Q-Exactive HF
mass spectrometer (Thermo Fisher scientific). The sample
was firstly washed on the precolumn with 0.1% formic acid
for 1.2 min prior to being loaded on the capillary column at
a 300 nl/min flow rate. The mobile phases consisted of wa-
ter with 0.1% formic acid (A) and acetonitrile with 0.08%
(v/v) formic acid (B). Peptides were eluted with a gradient
consisting of an increase of solvent B from 2.8% to 7.5% for
7.5 min, then from 7.5% to 33.2% over 33.5 min and finally
from 33.2% to 48% over 6.5 min.

Mass spectrometry acquisitions were carried out by alter-
nating one full MS scan with Orbitrap detection acquired
over the mass range 300-1300 m/z, at a target resolution
of 60 000 and with an AGC of le6, and data-dependent
MS/MS spectra on the 10 most abundant precursor ions
detected in MS. The peptides were isolated for fragmenta-
tion by higher-energy collisional dissociation (HCD) with a
collision energy of 27 using an isolation window of 2 m/z, a
target resolution of 60 000 and AGC fixed to 3e6. Dynamic
exclusion was applied for 30 s. A first series of LC-MS/MS
analyses of histones obtained from a biological triplicate
was used for Figure 1C. A second series of analyses were ac-
quired while loading more material of histone H3 onto the
C18 column to get most reliable quantification of H3K27-
containing peptides shown in Figure 2B.

PTM identification and quantification

Identification of modified peptides was obtained using the
manually curated database MS_histoneDB developed in
our group (41). MS/MS data interpretation was performed
with the program Mascot (http://www.matrixscience.com/),
using the following search parameters. The precursor and
fragment mass tolerances were 5 ppm and 25 mmu, respec-
tively; enzyme specificity was trypsin; the maximum number
of trypsin missed cleavages was set to 5, carbamidomethyl
(Cys) was specified as a fixed modification. We were in-
terested in acetylation and crotonylation of Lys residues,
methylation and dimethylation of Lys/Arg and trimethy-
lation of Lys, which were indicated as variable PTMs in
Mascot, in addition to N-terminal acetylation of proteins.
All MS/MS spectra were visually scrutinized to validate
peptide identifications and PTM site assignment. Quan-
tification was performed by using the software Proline
(http://www.profiproteomics.fr/). Crotonylated and acety-
lated peptides which contain H4K8, H3K 18 and H3K27
and were particularly studied here were further manually
quantified by using the Qualbrower tool within Xcalibur
(Thermofisher scientific).

Normalization of MS signals to estimate peptide abundances

Normalization was done by dividing the raw MS sig-
nals of modified peptides by the MS signals of refer-

0202 Joquiaydas zz uo Jesn 30 AQ G9L608S/S | | 1/8/8Y/2I01e/Ieu/Ww0d dno oW pede//:sd)y Wolj papeojumoq


http://imagej.nih.gov/ij/
http://www.matrixscience.com/
http://www.profiproteomics.fr/

ence non-modified peptides, namely ISGLIYEETR and
DNIQGITKPAIR for histone H4 and STELLIR for his-
tone H3. We further applied a correction factor to com-
pensate for differing ionization efficiencies between variably
modified peptides: this factor was calculated from the LC-
MS analysis of synthetic peptides (see Supporting file). We
then obtained the relative abundance of each modified pep-
tide at a constant histone amount.

We also sought to evaluate the relative level of the PTM
combinations including H3K27 by estimating a percentage
of each PTM compared to the others. The relative levels
of H3K27 acylations was calculated as previously done in
(42) and (43), that is by dividing the MS signal of the acy-
lated form of interest by the sum of signals of all modified
peptides of same sequence. For example, the relative abun-
dance of KacSAPSTGGVK (K27-K36 peptide) was calcu-
lated using the following formula:

K27ac (K27 — K36 peptide)
_ Signal K27ac (K27 — K36 peptide)
Y Signals modified K27 — K36 peptides

(1)

where > Signal K27 — K36 peptides = Signal K27mel +
Signal K27me2 + Signal K27me3 + Signal K27ac + Signal
K27c.

Antibodies

For Western blotting and ChIP-seq analyses, the primary
antibodies used were polyclonal anti-H4 (Active motif,
AB_2636967), polyclonal anti-H3 (Abcam, AB_2793771),
monoclonal anti-H3K27ac (PTM BIO, PTM-160), mono-
clonal anti-H3K27cr (PTM BIO, PTM-526) and polyclonal
H4KS8cr (Abcam, EPR17905(R)).

ChIP-seq analyses

Around 1 million spermatocytes and round spermatids
were used for ChIP-seq analyses. The chromatin was pre-
pared by Diagenode using the iDeal ChIP-seq kit for his-
tones (Diagenode Cat# C01010059) and then sheared us-
ing the Bioruptor Pico sonication device (Diagenode Cat#
B01060001) combined with the Bioruptor Water cooler.
ChIP was performed using the IP-Star Compact Auto-
mated System (Diagenode Cat# B03000002). The antibody
H3K27cr was used at 1 and 2 pg per IP and each cell type
was analyzed in two biological replicates. After checking
that the two antibody amounts led to very similar ChIP-
seq peak profiles, we kept the data obtained with 1 g to be
shown in the results.

Libraries were prepared from input and immuno-purified
DNA with Ing as starting material using MicroPlex Library
Preparation Kit v2 (Diagenode Cat# C05010013), then pu-
rified using Agencout® AMPPure® XP (Beckman Coul-
ter) and quantified using Qubit™ dsDNA HS Assay Kit
(Thermo Fisher Scientific, Q32854). Libraries were pooled
and sequenced by Diagenode on an Illumina 3000/4000
HiSeq instrument with 50bp single-end reads at a depth of
coverage per sample ranging from 55M to 70M.
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Bioinformatic analyses of ChIP-seq data and of ShmC data

Several published ChIP-seq datasets performed on mouse
spermatocytes and round spermatid cells were down-
loaded from the Sequence Read Archive (SRA) database
and re-analyzed using the same bioinformatic procedure
(see below). The following ChIP-seq datasets were pro-
cessed: H3K4mel and H3K4me3 from GSE49621 (44),
pan crotonylation from GSE32663 and GSE69946 (5) (45),
H3K27ac from GSE107398 (46), BORIS and CTCF from
GSE70764 (47), BRD4 from GSE56526 (48), SLY from PR-
INA275694 (39), SOX30 from GSE107644 (49) and H3.1/2
and H3.3 from GSE42629 (50) (Supplementary Table S1).
A ChIP-seq dataset on BRDT (51) had been acquired on a
SOLiD sequencing platform whereas Illumina sequencers
were used for the above listed datasets; we obtained the
BED files of already mapped BRDT peaks and then ex-
tracted signals around TSS and over putative enhancers as
for the other ChIP-seq data.

We obtained the data acquired on the DNA methyla-
tion mark 5-hydroxymethylcytosine over SC and RS stages
among the several steps of mouse spermatogenesis ana-
lyzed in (52). The sequencing data was quality controlled,
pre-processed and mapped to the mouse reference genome
using the same bioinformatic procedure described for the
ChIP-seq data. The ShmC signal belonging to each exon
was quantified in read counts using Bedtools intersect and
normalized in BPM. The estimate of the ShmC signal by
gene was then calculated by summing the ShmC signals as-
sociated with each of its exons.

Quality control. The read quality of ChIP-seq datasets
was assessed using Fastqc (Andrews S., 2010, http://www.
bioinformatics.babraham.ac.uk/projects/fastqc).

Pre-processing. ChlP-seq reads were sampled using Se-
qtk v20101003 (https://github.com/lh3/seqtk) by taking into
account the heterogeneity in duplicated read percentages
across samples, as indicated in Supplementary Table S1 in
Supporting material, in order to keep similar depths of cov-
erage across samples associated with the same ChIP. Reads
were trimmed for low quality bases and Illumina adap-
tors using Trimmomatic v0.32 (parameters: ILLUMINA-
CLIP:2:30:10, LEADING:30, TRAILING:30, SLIDING-
WINDOW:4:30, MINLEN:30) (54).

Mapping. Reads were mapped using Bowtie2 v2.2.9 (de-
fault parameters) (55) on the Mus musculus genome as-
sembly GRCm38 (mm10) using Illumina iGenomes ref-
erence sequences and annotations (http://emea.support.
illumina.com). Reads aligned to multiple genome locations
were kept. Read alignments were cleaned and sequence
duplicates were removed using the Picard tool suite (ad-
dReadGroup, reorder, sort, clean, markDuplicates) (http:
/Ibroadinstitute.github.io/picard/). Read alignment metrics
were calculated using Picard multipleMetrics.

Peak calling. ChlIP-seq peaks were called using Macs2
v2.1.1 (parameters: broad, broad-cutoff 0.01) (56). A con-
trol ChIP sample was used for peak calling depending on
availability and sufficient depth of coverage (Supplementary
Table S1).
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TSS region quantification. Regions of £500 bp around
each gene transcription start site (TSS) were quantified in
read counts using Bedtools intersect (53). The read count
signal assigned to each TSS region was then normalized
in Bins Per Million reads (BPM) (i.e. similar to the Tran-
scripts Per Million reads (TPM) normalization applied on
RNA-seq reads). The read counts of each TSS region was
divided by its length in kilobases to produce reads per kilo-
base (RPK). The RPK values per sample were then summed
up and divided by 1,000,000 to produce a ‘per million’ scal-
ing factor. The RPK value assigned to each TSS region was
then divided by the ‘per million’ scaling factor to produce
the BPM value.

Enhancer region quantification. Enhancer regions were
first identified and delimited using the broad peaks called
from the analysis of the H3K4mel ChIP-seq data, inde-
pendently on mouse spermatocytes and round spermatid
cells, and then merged into a single list. These enhancer re-
gions were then quantified for each ChIP mark using the
reads mapped in these regions. The read count signal as-
signed to each enhancer region was then normalized in
BPM, as described in the previous paragraph. The execu-
tion of the ChIP-seq data analyses was supervised using the
Bpipe workflow manager (57).

Bioinformatic analyses of RNNA-seq data

The RNA-seq dataset used to evaluate the effect of
H3K27cr mark on transcription was downloaded from (52).

Quality control. The read quality of RNA-seq datasets
was assessed using Fastqc.

Pre-processing. Reads were trimmed for low quality bases
and Illumina adaptors using Trimmomatic v0.32 (param-
eters: ILLUMINACLIP:2:30:10, LEADING:30, TRAIL-
ING:30, SLIDINGWINDOW:4:30, MINLEN:30).

Mapping and gene quantification. Reads were mapped us-
ing Star v2.5.2 (ENCODE standard parameters) (58) on
the Mus musculus genome assembly GRCm38 (mm10)
using Illumina iGenomes reference sequences and anno-
tations (http://emea.support.illumina.com). Isoform and
gene abundances normalized in TPM values were calcu-
lated using Rsem v1.3.1 (parameters: estimate-rspd). Read
alignments were cleaned and sequence duplicates were re-
moved using the Picard tool suite (addReadGroup, reorder,
sort, clean, markDuplicates). Read alignment metrics were
calculated using Picard multipleMetrics. The execution of
the RNA-seq data analyses was supervised using the Bpipe
workflow manager.

Differential gene expression analysis. The identification of
differentially expressed genes between mouse spermato-
cytes and round spermatids was performed using EdgeR
(TMM normalization, FDR < 0.01) (59).

Programs used to make figures related to ChIP-seq and RNA-
seq data

Files containing TPM and BPM intensity values for
RNA-seq and ChIP-seq analyses were handled using

the following libraries in R: VennDiagram (https://cran.
r-project.org/web/packages/VennDiagram/index.html),
ChIPseeker and GenomicFeatures (60,61) to annotate
ChIP-seq peaks in terms of genomic regions, ggplot2
(https://ggplot2.tidyverse.org/authors.html) and ggpubr
(https://cran.r-project.org/web/packages/ggpubr/index.
html) to generate boxplots, ComplexHeatmap (62) to build
all heatmaps.

Extraction of acyl-CoA metabolites

On average 5 million cells from each stage, sper-
matocytes and round spermatids, and 10 millions
elongating/condensing spermatids were used. Metabolites
from 4 mouse testicles and from 25 mL of yeast cells at
each time point were extracted after being metabolically
quenched at —80°C. In brief, cells were suspended in 1 ml
of pre-cooled (10% (w/v) TCA) and sonicated for 1 min at
an amplitude of 20% with a break of 5 s between two cycles
of 10 s. Testis tissue was disrupted at an amplitude of 40%
and 2 cycles of 1 min were performed. Cell lysates were
centrifuged at 15 000 g for 3 min at 4°C to separate the
metabolites from protein and cell debris. The supernatant
was loaded on SPE cartridges (Oasis HLB 10 mg), washed
with 1 ml of water and then eluted with 500 ml of methanol
before being dried in a speedvac and kept at —80°C until
analysis.

MS analysis of acyl-CoA metabolites

Acetyl-CoA, crotonyl-CoA, as well as propionyl-CoA,
butyryl-CoA, 2-hydroxy-butyryl-CoA, malonyl-CoA,
succinyl-CoA and glutaryl-CoA standards were purchased
from Sigma-Aldrich (Saint Quentin Fallavier, France).
External calibration curves were used for the quantification
of acyl-CoAs in all metabolic extracts, while acyl-CoAs
were also quantified in yeast and testis samples by using
the standard addition method. Briefly, dried yeast and
testis metabolic extracts were resuspended in 50 pl of 50
mM ammonium formate solution containing two internal
standards (acetoacetyl-CoA and '3Cz-malonyl-CoA both
at 0.2 pg/ml — Sigma-Aldrich). Each extract was then split
into 3x 10-pl aliquots, and spiked either with 10 ul of a
50 mM ammonium formate or with 10 pl of a 1.0x or
a 2.0x solution of a mixture of the seven acyl-CoAs to
be quantified (X being the estimated endogenous amount
of each acyl-CoA). Dried SC, RS and EC extracts were
resuspended in 25 pL of a 50 mM ammonium formate
aqueous solution, 10 pl were then withdrawn and mixed
with 10 pl of the internal standard solution.

LC-HRMS analyses were performed using an Ultimate
3000 chromatographic system (Thermo Fisher Scientific,
Courtaboeuf, France) coupled to a quadrupole-time-of-
flight (Q-TOF) mass spectrometer (Impact HD, Bruker
Daltonics, Bremen, Germany) equipped with an electro-
spray ion source and operating in the positive ion mode.
Metabolic extracts (15 wl) were loaded and separated on an
Atlantis® dC15 5 pm 2.1 x 150 mm column (Waters, Mil-
ford, MA, USA) maintained at 30°C. Mobile phases were
50 mM aqueous ammonium formate (A) and acetonitrile
(B), at a flow rate of 250 wl/min. The elution consisted of
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an isocratic step of 1 min at 0% phase B, 0.1 min at 5% B
followed by a linear gradient from 5 to 25% of phase B in
5.9 min and then up to 40% B in 1 min. These proportions
were kept constant for 3 min before returning to 0% of phase
B in 0.1 min and letting the system equilibrate for 8.9 min.
HRMS data were acquired between m1/z 700 and 1050 at 1.0
Hz in the profile mode and with a resolution set at 40 000
(m/z 1222). Nitrogen was used both as a nebulizer and dry-
ing gas. The source conditions were set as follows: end plate
offset 700V, capillary 3800 V, nebulizer 1.7 bar, dry gas 12.0
L/min and dry temperature 240°C. The mass spectrometer
was calibrated internally with a sodium formate/acetate so-
lution, which provides a mass measurement accuracy below
2 ppm on average. All raw data were manually treated using
Compass QuantAnalysis software (version 2.2, Bruker Dal-
tonics).

RESULTS

Site-specific dynamics of lysine acetylation and crotonylation
in histones H3 and H4 during mouse spermatogenesis

To assess the dynamics of crotonylation compared to acety-
lation at specific histone Lys residues during mouse sper-
matogenesis, we performed proteomic analysis of histones
H3 and H4 extracted from mouse male germ cells (Fig-
ure 1A). Histones were purified from three biological repli-
cates of mouse spermatocytes (SC), round spermatids (RS)
and elongating/condensing spermatids (EC), then sepa-
rated on an SDS-PAGE gel and bands covering the molec-
ular weights of histones were cut for in-gel trypsin diges-
tion. We chose not to carry out in vitro propionylation of
free lysines because the protocol of simple trypsin digestion
was shown to yield the highest number of identified crotony-
lated sites in histones H3 and H4 (5). Overall, crotonylation
was detected on H3K9, H3K 18, H3K27 and H4K 8 residues
which were also identified in an acetylated form (Figure 1B).
While acetylation at these lysine residues was formerly de-
scribed in the context of mouse spermatogenesis, crotonyla-
tion was not reported on these sites but on H3K37, H4K 12,
H4K 16 and H4K91 within histones H3 and H4 (63). In the
latter study, in vitro propionylation was performed before
trypsin digestion of histones to prevent proteolysis at in vivo
non-modified lysine residues, which likely favored the de-
tection of different peptides. MS signals of histone tryptic
peptides were quantified and normalized to be at a constant
histone amount in all samples (see Materials and Methods
section). Importantly, peptide sequences H3 K27-K36 from
canonical histone H3 and the variant H3.3 differ from each
other by Ala31—Ser31. We calculated the relative abun-
dance of each modified form by dividing its MS signal by
the sum of signals detected for peptide species of same se-
quence and bearing different PTM patterns.

Hyperacetylation of H4 N-terminus during spermiogenesis
co-occurs with methylation of H4R3. A hyperacetylation
wave has previously been described at the end of mouse
spermatogenesis, particularly on the N-terminal tail of hi-
stone H4 that contains the four modifiable residues H4KS5,
H4K8, H4K12 and H4K16 (35). We observed increases
to different degrees from SC to EC cells, depending on
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the considered combinations of acetylated lysines: the dou-
bly acetylated forms H4-KgacK;ac and H4-K,acK gac
exhibited a moderate increase, whereas the abundance of
triply and quadruply acetylated sequences significantly rose
from SC to EC cells (Figure 1C). Interestingly, the most dra-
matic abundance increase was detected for the fully acety-
lated N-terminal tail of H4 that additionally contained
a methylation on Arg3 (H4-RymelKsacKgacK,acK gac).
Methylation on H4R3 by the Arginine methyltransferase
PRMTI was formerly described to promote hyperacety-
lation of histone H4 N-terminal tail and to facilitate
transcription in other cellular models (64,65). Finally, we
were able to reproducibly quantify peptides crotonylated at
H4K8 and H3K27, but not at H3K9, probably due to a low
modification stoichiometry at this site, nor at H3K 18, due
to co-elution on the chromatographic column of another
peptide of very close mass (Supplementary Figure S1).

Crotonylation dynamics on H4K8. Crotonylation at H4K§
detected within sequence GGKgerGLGK j,acGGAK jgacR
(Supplementary Figure S1) appeared to increase from SC
to EC cells, which was confirmed by Western Blot us-
ing an anti-H4K8cr antibody (Figure 2A). The analysis
of synthetic peptides GGKgGLGK ,acGGAK gacR acety-
lated or crotonylated at H4KS8 allowed us to estimate
their relative ionization efficiencies, and then correcting the
signals measured on endogenous peptides to better esti-
mate their relative abundance (Supplementary Figure S2).
Our data indicated that histone H4 molecules containing
K5un/K8cr/K12ac/K16ac represented about one tenth of
molecules bearing K5un/K8ac/K12ac/Kl16ac, highlight-
ing a non-negligible relative stoichiometry of crotonyla-
tion compared to acetylation (Figure 2A). We could only
reproducibly detect and quantify H4K8cr together with
H4K16ac which sets an active chromatin state (66). This
appears coherent with crotonylation being a mark of active
transcription (5).

Crotonylation dynamics  on H3K27. Proteomic
analysis of the gel band at the mass of histone
H3 revealed a complex variant-specific pattern of
acetylation/crotonylation/methylations on H3K27 in
combination with non-modified or dimethylated H3K36.
Indeed, mass spectrometry analysis allowed us to dis-
tinguish the peptide sequences K,7SAPATGGVK;6 and
K27SAPATGGVK 3 ¢me2KPHRyy shared by histones
H3.1/H3.2/H3.t from sequences K»7SAPSTGGVKjq
and K»7SAPSTGGVKisme2KPHRy4y belonging to
the variant H3.3 (Figure 2B). One prominent fea-
ture was that the H3.3 variant was enriched in
acetylation and crotonylation on Lys27 compared
to methylated forms for both Ky;SAPSTGGVKj6
and K»SAPSTGGVKi;sme2KPHRy. This  obser-
vation was more pronounced for the short peptide
K27SAPSTGGVK 36, with around 80% of the MS signal
belonging to acetylated or crotonylated forms in SC,
RS and EC cells. Another interesting variant-dependent
observation was the increase of crotonylation from
RS to EC cells for both peptides Ky;SAPSTGGVKj4
and K»SAPSTGGVKj;ome2KPHRy4  from  H3.3.
While crotonylation was not even detected on peptide
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Figure 1. (A) Overview of the experimental workflow implemented for the proteomic analysis of histones from mouse germinal cells and sporulating
yeast cells. (B) Mapping by proteomics of acetylated and crotonylated lysines identified on histones H3 and H4 during yeast sporulation and mouse
spermatogenesis. (C) Quantitative variations of acetylated and crotonylated peptides during the two processes.
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Figure 2. (A) Estimation of abundance variations of peptides containing H4KS8cr by both proteomic and WB analyses. (B) Estimation of abundance
variations of peptides K27mod-K36un and K27mod-K36me2 within H3.1/2/t and variant H3.3 between SC, RS and EC cells. The MS signal of each
peptide form was divided by the sum of MS signals detected for variably modified forms of same sequence. Bars are not represented for the peptides
trimethylated at H3K27 in EC stage, as well as crotonylated at H3K27 in KSAPATGGVK in all stages and in KSAPATGGVKme2KPHR in EC stage,
because they were not detected. (C) WB of histones extracted from spermatogenic cells and sperm using anti-H3 (used for normalization), anti-H3K27ac
and anti-H3K27cr antibodies. In the upper right panel, increasing amounts of material were loaded, to be able to detect the cleaved form of histone H3.
The bottom right panel shows the near exclusive detection of full-length H3 with anti-H3K27cr antibody in pure RS cells obtained by FACS, and mostly
of cleaved histone H3 in sperm. (D) Representative immunodetection images obtained using antibody against H3K27cr (green) on testicular sections from
adult wild-type mice. Lectin (red) was used to stain acrosomes in order to determine tubule stage. The top picture shows a stage VIII tubule characterized by
acrosomes (lectin red staining) surrounding more than one-third of round spermatid (RS) heads and facing the basal membrane. Sc shows spermatocytes.
The bottom picture shows a stage XI tubule stage characterized by asymmetrical acrosomes (lectin red staining) surrounding elongating spermatid (ES)
heads. Pictures were taken using the same parameters. Scale bar indicates 20 pwm. See also Supplementary Figure S4A and B. (E) Relative stoichiometries
of peptides starting at K27 modified by acetylation or crotonylation during mouse spermatogenesis. Peptide MS signals were this time normalized by
the peptide STELLIR, which is shared by the various sequences of histone H3, to allow better comparison to the observations made by WB. Their MS
signals were further normalized by a correction factor to compensate for variable ionization efficiencies between the different peptide sequences. A peptide
sequence P1 is said to possess a two times better ionization efficiency than a sequence P2 when one mole of P1 gives rise to a two times higher MS signal than
one mole of P2 (F) Similarly to (E), relative stoichiometries of peptides starting at K27 modified by acetylation or crotonylation during yeast sporulation
obtained by proteomic analysis. WB analyses using antibodies against histone H3, H3K27ac and H3K27cr over sporulation.
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K»7SAPATGGVK36 from canonical H3, crotonylation
of K»7SAPSTGGVKj6 from H3.3 reached 30% of the
MS signal in EC cells. The presence of the active mark
crotonylation in H3.3 is in agreement with this variant
being preferentially incorporated in active regions of
chromatin and bearing marks of active transcription
(67,68). Finally, the increase of acetylation and to a lower
extent crotonylation on H3K27 was concomitant with the
decrease of repressive marks H3K27mel, H3K27me2 and
H3K27me3.

Confronting proteomics data on H3K27cr to WB observa-
tions. We sought to support our proteomics results with
WB using an antibody specific to H3K27cr. Its specificity
had been verified by dot blot on peptides containing ei-
ther H3K23 or H3K27 in crotonylated, acetylated, butyry-
lated or propionylated forms, and we additionally verified
that both sequences from canonical H3 and from H3.3
were detected, whereas a peptide containing H4KS8cr was
not (Supplementary Figure S3). By WB, a signal of con-
stant intensity between RS and EC cells was detected at
the mass corresponding to intact histone H3 (~16 kDa)
(Figure 2C). The antibody also detected a more intense sig-
nal at ~12 kDa, with an intensity strongly increasing from
RS to EC cells. Immunofluorescence and histochemistry
on testicular sections confirmed the presence of H3K27cr
mark in male germ cells, with a stronger signal in elon-
gating spermatids (ES, Figure 2D and Supplementary Fig-
ure S4A, B). Inspection of the proteomics data acquired
on the gel bands at 12 kDa showed mostly peptides cor-
responding to histone H4 (since it is roughly the mass of
histone H4) but also allowed us to identify histone H3
with peptides spanning the whole protein sequence except
residues 1-17 (Supplementary Figure S4C); a signal for pep-
tide K»7¢crSAPSTGGVK 3sme2KPHR 4 from H3.3 was de-
tected in this sample. We therefore deduced that the sig-
nal at ~12 kDa detected by the antibody raised against
H3K27cr corresponds to a clipped form of histone H3 com-
ing from a cleavage shortly before H3K27. Truncated forms
cleaved at Ala21-Thr22 or at Thr22 and Arg26 have recently
been described in sperm cells (69). We confirmed by WB
the presence of H3K27cr in sperm histones, in large ma-
jority in a cleaved form (Figure 2C). Of note, a WB per-
formed on sperm against H4K8cr did not reveal any sig-
nal, which confirmed that our anti-H3K27cr antibody did
not detect H4K8&cr in the lower-mass band. To better as-
sess whether the cleaved form of H3 appears progressively
during spermiogenesis, we analyzed by WB the histones ex-
tracted from RS cells purified by FACS, being of even higher
purity (99%) than RS cells collected by elutriation (Figure
2C). The anti-H3K27cr antibody detected full-length H3
and a faint signal for the cleaved form upon long expo-
sure, which would support the hypothesis that cleavage of
histone H3 occurs progressively during spermiogenesis. Be-
sides, a WB obtained in the three cell stages using an anti-
body raised against H3K27ac only revealed a band at the
mass of histone H3 (Figure 2C), whose intensity would de-
crease a bit from RS to EC stages. We verified by dot blot
that the anti-H3K27ac antibody was able to recognize a
17-amino-acid-long peptide starting at H3K27ac (Supple-
mentary Figure S4D). In addition, extraction of the MS

signals detected for tryptic peptides K27ac/K36me2 from
H3.1/2/t and H3.3 in gel bands at ~16 kDa and ~12 kDa
indicated that H3K27ac was present at a relative amount of
less than 1/25 in the lower-mass band, which was not de-
tected at the exposure times used for revealing WBs (Sup-
plementary Figure S4E). Our results thus hinted at prob-
ably different processing during mouse spermiogenesis of
histone H3 molecules bearing different PTMs on H3K27,
in particular acetylation and crotonylation. These observa-
tions are in line with the above report on sperm: an anti-
H3K27ac antibody only detected a signal at the mass of
intact H3, whereas an antibody raised against H3K27me3
detected the lower-mass band (69).

To draw a better parallel between proteomics and WB
results, we also handled our proteomics data acquired on
the band of full-length H3 to be at a constant amount
of total histone H3. We then normalized the MS data by
the peptide STELLIR which is common to all H3 vari-
ants. We additionally applied correction factors calculated
from synthetic peptides to compensate for variable ioniza-
tion efficiencies. We then plotted the relative stoichiometry
of all the peptides containing H3K27 in an acetylated and a
crotonylated forms (Figure 2E). The peptide species acety-
lated on H3K27 collectively showed a constant amount be-
tween SC and RS cells, and then some decrease in EC cells,
in agreement with the observation made by WB in Figure
2C. Besides, very interestingly, the relative stoichiometries
of crotonylated and acetylated peptides were very high: (i)
the abundance of H3.3-K,7;crSAPSTGGVK 3¢ represented
about one third of that of H3.3-K,7acSAPSTGGVKj3¢ and
(i1) both K»7SAPSTGGVK;3;sme2KPHR 4 from H3.3 and
K»7SAPATGGVK3eme2KPHR 4y from canonical H3 were
detected at similar stoichiometries to their acetylated coun-
terparts. One can finally note that at EC stage, H3K27cr was
only detectable on variant H3.3.

Altogether, these results indicated that histone H3
crotonylated at residue K27 was maintained on the genome
until sperm, mostly within variant H3.3 and essentially in a
cleaved form devoid of its N-terminal part. In addition, at
the EC stage, the relative stoichiometries between crotony-
lated and acetylated H3K27 was around 1:3 on full-length
histone molecules non-modified on H3K36 and about 1:1
on molecules bearing H3K36me2. Finally, when consid-
ering all crotonylated sites identified here, both H3K27cr
and H4KS8cr appear to contribute to the general wave of
crotonylation described toward the end of spermatogenesis

%).

Assessing conservation of crotonylation profiles during evolu-
tion: patterns observed during yeast sporulation

In spite of the evolutionary distance between the two organ-
isms, yeast sporulation and mouse spermatogenesis share
similarities, including a meiosis step and a post-meiosis dif-
ferentiation that culminates with extensive chromatin re-
structuring and compaction. At the histone PTM level, an
increase in phosphorylation at H3T11 and H4S1 was re-
ported in the two processes at the time of meiosis, and
hyperacetylation of the N-terminal tail of H4 was shown
to be conserved at the end of post-meiotic differentiation,
which allows recruitment of the bromodomain-containing
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proteins Bdf1 in yeast and BRDT in mouse (35). We then
wanted to assess as to what extent this parallel applied to
crotonylation sites and their dynamics. Histones were ob-
tained from yeast cells at four critical time points of sporu-
lation, namely upon induction of this process by changing
the culture medium (7' = 0), at the time of meiosis (7'=4 h),
after meiosis (7= 10 h) and in fully mature spores, after the
final post-meiotic differentiation (7" = 48 h). Histone sam-
ples were then processed and analyzed in a similar way as
those from mouse cells (Figure 1A).

First, an abundance increase was observed for acetylated
peptides from the H4 N-terminal tail in the course of yeast
sporulation, with the highest change being observed for
the sequence quadruply acetylated at K5/K8/K12/K16 in
association with R3mel (Figure 1C), which matched ob-
servations made during mouse spermatogenesis. Besides,
crotonylation was detected at H3K9, H3K 18, H3K27 and
H4K8, as was the case in mouse (Figure 1B). More precisely,
H3K27cr was detected in association with non-modified,
mono- and dimethylated H3K36, showing a rather con-
stant stoichiometry during sporulation with a relative stoi-
chiometry cr/ac of 1/10 for K;;modSAPSTGGVK34 and
1/100 for Ky7¢cmodSAPSTGGVK;3¢me2KPHRy, (Figure
2F). WB analysis of this mark again detected a signal at
the mass of H3 and a signal at about the mass of H4, cor-
responding to a cleaved form of H3 (Figure 2F). Know-
ing that the FLAG-tag used to perform nucleosome pu-
rification from yeast cells is located on the N-terminus
of H3, it is possible that this cleaved form associates
in the same nucleosome with a non-cleaved histone H3
molecule. Besides, H4KS8cr was again detected in the se-
quence GGKgerGLGK ,acGGAK gacR and exhibited a
drop from TO to T4 and then some increase at the end of
sporulation. Its stoichiometry never exceeded about 1/100
of the same sequence acetylated at H4K8 (Figure 2A). Fi-
nally, we again detected the pair of peptides H3K18cr-
K23un and H3K18ac-K23un, yet reliable quantification
was hampered due to co-elution of peptides of very close
mass to the peptides of interest. Altogether, these results
indicated that the crotonylation sites H4K8, H3K 18 and
H3K27 detected by proteomics were conserved during evo-
lution. The relative cr/ac stoichiometries were about ten
times higher in mouse spermatogenesis than in yeast sporu-
lation. Some increase for H4K 8cr was observable at the end
of both processes and abundance variations were similar for
H3K27cr in both organisms when considering the variant
H3.3 in mouse.

Metabolomic analyses of acyl-CoA molecules in mouse sper-
matogenesis and yeast sporulation

While lysine acetylation is catalyzed by Histone Acetyl-
Transferases p300/CBP from acetyl-CoA, crotonyl-CoA is
the donor allowing lysine crotonylation by the same en-
zymes and may also be added non-enzymatically (70). We
wanted to investigate whether the relative cellular amounts
of the two metabolites and their possible variations during
the studied processes could explain the observed relative
stoichiometries of histone lysine acetylation and crotony-
lation. A panel of acyl-CoA molecules were analyzed in
SC, RS, EC cells and in spermatozoa, in total mouse testis
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and in yeast cells at the four time points covering sporu-
lation. It should be noted that the protocol used to col-
lect fractions enriched in spermatogenic cells might perturb
metabolism. Besides, histone acylation levels are correlated
to nuclear concentrations in acyl-CoA metabolites, there-
fore the metabolomic analyses should ideally be performed
on nuclear extracts (13,70). To our knowledge, however, no
such analysis on a nuclear fraction has yet been successfully
carried out (71,72). Having these limitations in mind, we
quantified acetyl-CoA, crotonyl-CoA, as well as propionyl-
CoA, butyryl-CoA, 2-hydroxy-butyryl-CoA, malonyl-CoA
and glutaryl-CoA which are the donors for the correspond-
ing acylations on yeast and mammalian histones (13,70)
(Supplementary Figures SSA and B). Succinyl-CoA was
also readily detected, yet its precise quantification was ham-
pered by its noticeable chemical instability over successive
LC-MS analyses.

Acetyl-CoA and crotonyl-CoA as well as butyryl-
CoA and malonyl-CoA were successfully quantified in
mouse spermatogenic cells (Supplementary Figure S5C, top
panel). The cellular amount of all these metabolites de-
creased in the course of spermiogenesis. The relative cellu-
lar concentration of crotonyl-CoA /acetyl-CoA was about
1:100, to be compared to the relative stoichiometries of
acetylation and crotonylation on histone lysine residues,
which varied between 1:20 on H4K8 and about 1:3 on
H3K27. In yeast (Supplementary Figure S5D), whereas
acetyl-CoA was easily quantified, crotonyl-CoA was be-
low the detection limit, leading to a probable ratio of
acetyl-CoA /crotonyl-CoA well >100. This is in agreement
with the fact that the observed relative stoichiometries of
crotonylation as compared to acetylation were lower in
yeast than in mouse cells. Beyond the two acyl-CoA being
central in this study, other metabolites could be quantified.
In particular, propionyl-CoA, butyryl-CoA, malonyl-CoA
and glutaryl-CoA represented significant amount of total
acyl-CoA in yeast cells and/or total testis extract (Supple-
mentary Figure S5D). They might point to a significant
modification level of cellular proteins and of histones; in
fact butyrylation has already been functionally character-
ized on H4K5/K8 during mouse spermatogenesis (73).

The observation of an increased crotonylation of H3K27
and H4KS residues during mouse spermatogenesis would
at first sight appear contradictory with the decreased cellu-
lar amount of the donor metabolite. However, SC are much
bigger cells than RS (i.e. at least 4 times bigger since SC
are 4N and RS are 1N), and the amount of histones to
be modified also decreases substantially from SC to EC,
typically by a factor of 6 to 8 as estimated from our pro-
teomics experiments. Representing the variations of each
metabolite divided by the sum of all quantified metabolites
indicated more stable amounts of acetyl-CoA and crotonyl-
CoA (Supplementary Figure S5C bottom panel). Besides,
our analysis of available RNA-seq data acquired on SC, RS
and EC cells (52) suggest that p300/CBP, which was shown
to catalyze acetylation and crotonylation (13), was pro-
gressively less expressed (74) (Supplementary Figure SSE).
Interestingly a recent work provides a clear demonstra-
tion that the activity and specificity of p300/CBP is en-
hanced by the p300/CBP activator NUT, a factor that is
specifically expressed in late developing male germ cells
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(33). In addition, HDACI1/2/3 that catalyze deacetyla-
tion and also decrotonylation (21), and SIRT1/2/3 that
are also able to remove crotonylation (20) similarly be-
came less transcribed. Besides, ACSS2 (Acyl-CoA Syn-
thetase Short Chain Family Member 2) which produces
crotonyl-CoA from crotonate also exhibited decreased ex-
pression (75). Assuming a good correlation between mRNA
and protein abundances, this data combined with our re-
sults do not allow concluding whether an increased or a
decreased crotonylation is favored. One more actor con-
tributing to balancing crotonylation levels was recently de-
scribed: the protein chromodomain Y-like (CDYL), which
is a crotonyl-CoA hydratase converting crotonyl-CoA into
B-hydroxybutyryl-CoA and negatively impacts the crotony-
lation level of H3K27 and H4KS, as well as of H3K9 and
H2BK12 (71). More precisely, CDYL protein amounts de-
crease in elongating/condensing spermatids, which would
favor the increased crotonylation of H3K27 and H4KS.
CDYL was also suggested to play a role in the expression
of sex-chromosome-linked genes in post-meiotic cells by im-
pacting Kcr levels at gene promoters.

Selection of a mark for genome-wide localization by ChIP-
seq

Given the increased crotonylation of H4KS8 and H3K27
during mouse spermatogenesis, it was tempting to specu-
late that these marks could contribute to the active tran-
scription of specific genes in RS compared to SC cells, and
particularly of genes on the X and Y chromosomes escap-
ing from Meiotic Sex Chromosome Inactivation (MSCI).
H4KS8 looked particularly interesting because it was for-
merly studied in mouse spermatogenesis when modified by
acetylation (45), 2-OH-isobutyrylation (8) and butyrylation
(73). We sought to perform ChIP-seq analysis of H4K8cr in
SC and RS cells, yet did not obtain reproducibly detected
peaks. Second, to our knowledge, genome localization of
H3K27cr has not been obtained in any system yet, even
though an attempt was performed in cultured NCI-H1299
cells derived from lung cancer (76). In our proteomic anal-
yses, H3K27cr was mostly detected within variant H3.3,
possibly in association with H3K36me2. This combination
rendered H3K27cr very attractive for several reasons. First,
variant H3.3 is critical for proper spermatogenesis: its dele-
tion leads to distorted chromatin reorganization and male
infertility (77). Second, H3K27ac is described to be an ac-
tive mark both at promoters and at distal enhancers, where
it occurs in association with H3K4mel. Third, the combi-
nation H3 K4mel /K27ac/K36me?2 has recently been sug-
gested to mark super-enhancers that particularly concen-
trate transcription factors and co-activators to induce the
expression of distant genes (78). We therefore sought to de-
cipher the roles of H3K27cr at promoters and at distal en-
hancers to better understand its putatively complementary
roles to those of H3K27ac.

Localization of H3K27cr on the genome

Interest of keeping ChlP-seq reads mapped at multiple po-
sitions on the genome. ChIP-seq analyses were performed
on two biological replicates of SC and RS cells using the an-
tibody raised against H3K27cr. Chromatin from EC cells is

rarely analyzed by ChIP-seq, because of its peculiarly com-
pacted structure and its heterogeneous nature, which ren-
ders the nucleosome extraction for ChIP-seq analysis diffi-
cult (5,73,69). Given that chromosomes X, Y, 5 and 14 con-
tain multicopy genes expressed during spermiogenesis (79),
in order not to under-estimate the ChIP-seq signals associ-
ated with these evolutionary conserved sequences, we kept
reads mapped at both unique and multiple positions on the
genome. This mapping strategy allowed us to gain a total
of 1105 genes in the four pooled datasets when compared
to the conservation of only uniquely mapped reads (Supple-
mentary Figure S6). Among these genes, 150 and 170 were
located on the X and Y chromosomes, respectively. In par-
ticular, we were able to quantify with the H3K27cr signals
16 out of the 22 TSS located in amplicons described on the
X chromosome (79).

Positioning of H3K27cr with respect to H3K27ac, to Ker
and to variant H3.3: H3K27cr is notably present on distal
enhancers and on the Y chromosome in RS cells. Very re-
producible peak intensities were detected for the H3K27cr
mark in both RS and SC cells (Supplementary Figure S7).
We verified that the majority of our ChIP-seq peaks were
included in those arising from an antibody raised against
Kecr, by considering the data from publication (5) (Sup-
plementary Figures S8 and S9, for all peaks and those lo-
cated at promoters). We similarly compared the distribution
of H3K27cr peaks with that of H3K27ac obtained in (46)
(Supplementary Figures S8 and S9). The two marks over-
lapped more significantly at promoters, by 77% to 82% in
RS cells and 75% to 93% in SC cells. We also compared the
peak overlap observable between the two biological repli-
cates of ChIP-seq analyses performed on each of the two
marks H3K27cr and H3K27ac. This allowed observing that
ChIP-seq signals obtained on the two distinct marks were
more divergent (Supplementary Figures S8 and S9).
Figure 3A shows a browser view of the ChIP-seq sig-
nals detected for H3K27ac, H3K27cr and H3K4mel in SC
and RS cells over key genes expressed during spermiogen-
esis, namely genes coding for the transition protein 7np2
and for two protamines Prml and Prm3. Both H3K27ac
and H3K?27cr are present at the promoters of these genes,
and H3K?27cr is well visible over a probable distal enhancer
marked by H3K4mel. The global distribution of H3K27cr
peaks on promoters (defined as 500 bp windows around
the TSS), introns and distal intergenic regions was obtained,
and compared to the distributions of Kecr and H3K27ac
peaks (Figure 3B). The distribution of H3K27cr peaks on
functional genomic regions appears to be intermediate be-
tween those of Kcr and of H3K27ac. In particular, whereas
about two thirds of H3K27ac peaks lie at promoters, less
than half of H3K27cr peaks do so, but a higher propor-
tion of them localize at distal intergenic regions. At pro-
moters, H3K27cr appeared more enriched downstream of
TSS both in SC and RS cells, similarly to H3K27ac and
H3K4me3 that signs active transcription (Figure 3C). At
putative distal enhancers predicted from H3K4mel mark,
H3K27cr overlapped with H3K27ac and cr/ac signal ratios
were much above those observed at promoters (Figure 3C).
Our proteomic analyses indicated the preferential pres-
ence of H3K27cr, and to some extent of H3K27ac, on
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Figure 3. (A) Genome browser view showing the ChIP-seq signals detected for H3K27cr, H3K27ac and H3K4mel in SC and RS cells around genes coding
for the transition protein Tnp2 and protamines Prm1 and Prm3. Intense marking by H3K4mel and H3K27cr in RS cells indicates a probable active distal
enhancer on the left side. (B) Distribution in SC and RS cells of ChIP-seq peaks detected for the mark H3K27cr in terms of various genomic region types
including promoters (defined as +/— 500 bp windows around TSS) and distal intergenic regions. (C) Curves showing the mean reads density of the indicated
histone modifications around all known TSS, or around enhancers predicted by H3K4mel. Reads densities are calculated within a 20 bp sliding window and
normalized in BPM. (D) H3K27ac and H3K27cr co-localize more with H3.3 than with H3.1/2/t. The ChIP-seq signals detected around TSS for H3.3 and
for H3.1/2/t were split into two groups: one group in which ChIP-seq signals are higher for H3.3 than for H3.1/2/t (signal(H3.3) > 1.5x signal(H.1/2/t),
indicated on the figure by ‘more H3.3’) and the other group corresponding to the remaining signals (signal(H3.3) < 1.5 x signal(H3.1/2/t), indicated on the
figure by ‘H3.1.2.t > H3.3"). The ChIP-seq signals detected for H3K27ac and H3K27cr in these two groups are represented in boxplots. (E) Distribution
over chromosomes of H3K27cr and H3K27ac peaks at promoters. The proportions of genes (%) bearing H3K27cr (top panel) or H3K27ac (bottom panel)
are indicated for each chromosome. Three sub-categories ‘RS<SC’, ‘RS = SC’ and ‘RS > SC’ were defined by considering that RS/SC ratios of ChIP-seq
signals (in BPM per start position) were unequal when they were <0.66 or >1.5.
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the variant H3.3 (Figure 2B and E). Making use of previ-
ously published ChIP-seq data on canonical H3 and H3.3
acquired in RS (50), we observed that a strong signal
was concomitantly detected for H3K27ac and H3K27cr
within nucleosomes mostly containing H3.3 (Figure 3D).
In contrast, promoters occupied by balanced amounts of
H3.1/2/t and H3.3 or mostly occupied by H3.1/2/t exhib-
ited lower H3K27cr and H3K27ac. Our observation that
the two active histone marks are present more on H3.3
is in agreement with the transcription-coupled eviction of
canonical histones described in RS: Erkek ez al. indeed de-
scribed a more pronounced removal of H3.1/H3.2 from the
TSS of highly expressed genes (50).

In the course of spermatogenesis, genes coded by the sex
chromosomes undergo transcriptional repression, a process
named MSCI for Meiotic Sex Chromosome Inactivation
(80). After meiosis, despite persistence of a repressive chro-
matin environment characterized by H3K9me3 mark, a sig-
nificant proportion of genes are re-activated or de novo ex-
pressed in RS. A finely tuned orchestration of histone PTMs
is at the basis of this phenomenon (45,81,82). In the origi-
nal paper describing crotonylation in mouse spermatogen-
esis, Tan et al. highlighted that a very large fraction of Kcr
signals of higher intensity in RS than in SC cells was en-
riched on the X chromosome, and that this scenario cor-
related with post-meiotic gene expression activation (5).
This observation was later confirmed by Namekawa’s team
(45) who found a higher intensity of crotonylation in X-
linked genes escaping repression. Additionally, Liu ez al.
showed that this specific crotonylation is essential for X-
linked genes reactivation (71). Plotting the distribution of
H3K27cr ChlIP-seq peak intensities on the chromosomes
did not exhibit such an enrichment on the X chromosome
(Figure 3E). Our data however showed a particular trend
for the Y chromosome, with 29 out of 36 marked genes ex-
hibiting an RS/SC ratio of H3K27cr signal >1.5. A simi-
lar observation was made for H3K27ac, with 97 out of 105
genes showing RS/SC ratios > 1.5 for this mark (Figure 3E).
All 29 genes exhibiting an increased H3K27cr marking also
showed increased H3K27ac. It is worth noting that those
genes are highly similar and belong to the same family (S/y,
Ssty, also called multicopy genes). Hence, this observation
suggests that site-specific crotonylation and acetylation on
lysine 27 from H3 could be involved in regulating the activ-
ity of a family of genes located on the Y-chromosome.

H3K27cr is a mark of active promoters

H3K27cr and H3K27ac often evolve in a synchronized man-
ner from SC to RS at promoters, but also mark preferentially
specific subsets of genes. Most of the genes exhibiting in-
creased Kcr in RS compared to SC were originally shown
to be more expressed post meiosis (5,45). We then eval-
uated whether a similar trend was observed for the more
specific mark H3K27cr. We quantified ChIP-seq signals for
H3K27cr and H3K27ac¢ within £500 bp windows around
TSS. An increased transcription level was indeed associ-
ated with an increase of H3K27cr mark between the two
cellular stages; a similar trend was observed for H3K27ac
(Figure 4A and B). However, it should be kept in mind that
H3K27cr and H3K27ac often coexist at the same TSS, with

~80% of peaks of one mark co-localizing with peaks of the
other mark (Supplementary Figure S9).

To assess further the effects of H3K27ac and H3K27cr on
transcription, we classified genes according to their RS/SC
ratios of H3K27cr and H3K27ac signals at promoters and
annotated their corresponding gene expression ratio (Fig-
ure 4C). We identified several gene clusters associated with
different trends. Cluster C1 contains genes with the high-
est gene expression increases from SC to RS cells, together
with the highest gain of both marks at their TSS. This clus-
ter is notably enriched in genes involved in spermatogenesis,
spermatid differentiation and sperm motility. In contrast,
cluster C5 corresponds to genes that globally show decreas-
ing expression and whose promoters become less marked
by both histone PTMs from SC to RS stages. From this list
of genes, GO terms related to meiosis were enriched, which
is in agreement with the fact that RS are post-meiotic cells.
Rho and Ras signal transduction and chromatin remodel-
ing were also enriched in this cluster, in line with previous
reports (83,45). Yet some gene TSS harbor an inverted evo-
lution of H3K27cr and H3K27ac marking from SC to RS
cells, leading to variable mRNA expression outcomes (clus-
ters C3 and C4). In this case, one hypothesis is that mRNA
expression might be regulated by the respective amounts of
each mark at the gene promoter.

We then provided to the program STRING (84) the
list of genes the promoter of which only harbored de-
tectable H3K27cr peaks together with H3K4me3, to search
for enriched molecular functions, pathways and protein
complexes (Supplementary Figures S10). Both in SC and
RS cells, the Takusan gene family was significantly over-
represented, with a total of 97 members out of 209 recorded
in STRING (IGV screenshots on three genes are shown in
Supplementary Figure SI0OE). This family is composed of
multi-copy genes located on chromosomes 5 and 14. We
quantified the signal intensities (BPM) for H3K27cr and
H3K27ac at Takusan gene promoters. The normalization
in BPM brings the summed ChIP-seq signals over all pro-
moters to one million for each mark, which erases any in-
formation of H3K27ac and H3K27cr relative stoichiome-
tries, yet allows observing the accumulation of one mark
at some specific genomic regions. We observed that at both
SC and RS stages, the sum of normalized signals measured
for H3K27cr at Takusan gene promoters was more than
three times higher than for H3K27ac (Supplementary Ta-
ble S2). In addition, 55 out of 58 genes exhibiting a signifi-
cant expression variation between SC and RS cells (P-value
< 0.01) were more transcribed in RS cells, which usually
correlated with RS/SC H3K27cr intensity ratios above 1
(Supplementary Table S2). Beside Takusan genes, 72 genes
coding for proteins of the cytoskeleton were also pinpointed
in RS cells as bearing specifically H3K27cr peaks. The ex-
pression of such genes needs to be precisely orchestrated
during spermiogenesis, given the dramatic changes of cel-
lular shape until differentiation into spermatozoa. Among
them were six members of the axonemal dynein complex, in-
cluding Dnah2, Dnah12 and Dnah17 that are implicated in
sperm flagellar assembly. We next performed a similar anal-
ysis with genes that only presented H3K27ac peaks at their
promoters (Supplementary Figure S10). Several of these
genes coded for Spindlin/spermiogenesis-specific proteins
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Figure 4. All gene expression and ChIP-seq signal values are expressed in loga(TPM + 0.01) and log2(BPM+0.01), respectively. (A) ChIP-seq signals
detected at promoters for H3K27ac and H3K27cr marks were organized into quartiles of increasing RS/SC ratios. The distributions of RS/SC mRNA
abundance ratios corresponding to the four sets of genes were plotted as boxplots for each mark. (B) Evaluation of the correlation between RS/SC mRNA
ratios and RS/SC fold change of ChIP-seq signal for H3K27ac and H3K27cr marks considering all quantified mRNA individually. (C) Heatmap matching
the RS/SC ratios of ChIP-seq signals detected at promoters for H3K27ac and H3K27cr with the RS/SC mRNA abundance ratios of the corresponding
genes. GO terms were extracted from clusters C1 and C5 using ClusterProfiler (110) within ProteoRE with P-values below 1073, (D) Distribution of gene
expression levels in SC (upper panel) and RS (lower panel) when considering successively: all genes, genes with H3K4me3 mark at their promoter, genes
bearing additionally H3K27ac mark or H3K27cr mark or both active marks. (E) Heatmap matching the presence in RS cells of the marks H3K27ac
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the expression levels of the genes. (F) Distributions of ChIP-seq signals detected for SLY, SOX30, BRD4, BRDT, CTCF and BORIS at gene promoters
marked solely by H3K27ac peaks (‘ac’ label), or solely by H3K27cr peaks (‘cr’ label), or bearing both peaks (‘both’ label). Only the subset of genes exhibiting
increased expression from SC to RS were considered here; results for all genes and for the quartiles of most upregulated genes are shown in Supplementary
Figure S11.
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which are located on the Y chromosome. Among them, the
mRNA of 13 genes were reliably quantified and were all de
novo expressed in RS cells. Interestingly, for all 13 genes,
both histone marks increased from SC to RS, by a factor of
6.5 for H3K27ac and of 3.0 for H3K27cr on average. This
gene family thus belongs to cluster 1 of Figure 4C, and con-
tributes to the RS/SC increase of both marks particularly
observed on the Y chromosome (Figure 3E).

We finally plotted the distribution of transcript abun-
dance in SC and RS cells separately, depending on whether
a peak had been detected at their TSS for H3K27ac and for
H3K27cr. We performed this assessment when the former
PTMs occurred together with the active mark H3K4me3
(Figure 4D). We observed that in both SC and RS cells
(i) genes marked by H3K27ac but not by H3K27cr were
less expressed than the whole group of actively transcribed
genes characterized by the presence of H3K4me3 and (ii)
the highest gene expression levels were reached when both
marks co-existed at the same TSS. Besides, in SC cells
H3K27ac alone would more strongly promote transcription
than H3K27cr alone, whereas the opposite trend prevailed
in RS cells (Figure 4D). These results suggested the exis-
tence of different transcriptional factors/regulators in SC
and RS.

Combined H3K27cr and H3K27ac co-localize with higher
amounts of transcription factors and regulators, yet each
mark exhibits selective association. We compared the co-
localization at promoters (i.e. £500 bp from the TSS) of
H3K27cr and H3K27ac with transcription factors (TFs)
and transcription regulators involved in spermiogenesis.
ChIP-seq data in RS are available for BRDT (51), an essen-
tial regulator of gene expression during meiosis prophase
(85,86), for the TF SOX30 (49), for the transcription regu-
lator SLY (39) and for the two closely related chromatin-
binding factors CTCF and BORIS that contribute to
shaping the 3D structure of chromatin by bridging dis-
tant regions (47,87). We also included the bromodomain-
containing protein BRD4 which was shown to be highly as-
sociated with the promoter of genes expressed in RS; BRD4
participates in the regulation of transcription elongation by
RNA polymerase II by its binding to acetylated histones,
particularly to the poly-acetylated N-terminus of histone
H4, and to Mediator (48,88). Besides, we had formerly ver-
ified that SLY ChIP-seq peaks largely overlapped with Kecr
peaks (39), which encouraged us to scrutinize more specifi-
cally the overlap with H3K27cr. We finally also included the
signals measured over exons for 5-hydroxymethylcytosine
(5hmC), which was shown to correlate with gene expres-
sion levels during mouse spermatogenesis (52). The sig-
nals quantified around TSS for H3K27cr, H3K27ac, SLY,
SOX30, BRD4, BRDT, CTCF and BORIS, and over ex-
ons for ShmC, resulted in a heatmap containing two bal-
anced clusters of genes that are globally highly expressed in
RS and whose promoters homogenously harbor all of the
considered marks, except BRDT which is of either high or
low level (C4 and C5 in Figure 4E). This observation is in
line with the fact that only about half of the genes requir-
ing this protein for their activation bear it at their TSS (51).
Two other clusters, C2 and C3, are characterized by genes
of low expression level, whose promoters accordingly har-

bor little H3K4me3 and H3K27ac. Nonetheless, these gene
promoters also bear a significant amount of H3K27cr, to-
gether with SLY, SOX30 and BRD4, and for a large fraction
of them, also bear BORIS and CTCEFE.

To more quantitatively assess whether some transcrip-
tion factors and regulators would preferentially associate
with H3K27cr rather than with H3K27ac, we plotted the
distribution of their signals detected at promoters bearing
only H3K27ac peaks or only H3K27cr peaks or peaks for
both marks (Figure 4F and Supplementary Figure S11).
More precisely, we considered successively (i) all the genes
under the control of promoters matching the former cri-
teria, or (ii) those genes exhibiting an increased expres-
sion from SC to RS (Figure 4F), and finally (iii) the quar-
tile of most induced genes (highest RS/SC mRNA ratios).
The highest amount of each chromatin binder was always
observed at promoters bearing simultaneously H3K27ac
and H3K27cr, in agreement with the observations made
on Figure 4E. SLY was globally more associated with
H3K27cr than with H3K27ac, except when considering
the quartiles of most induced genes (Supplementary Figure
S11). By contrast, SOX30 appeared more associated with
H3K27ac when considering these subsets of most induced
genes. BRD4, BORIS and CTCF were more associated with
H3K27cr than to H3K27ac when focusing on upregulated
genes (Figure 4F and Supplementary Figure S11). Finally,
BRDT exhibited the least signals, in agreement with its fa-
vored presence in intergenic regions (51). We inquired fur-
ther on SOX30 by making use of the RNA-seq and ChIP-
seq data published on precisely fractionated spermatogenic
cells (49). This report established a list of genes exhibiting a
reduced expression upon deletion of SOX30. We compared
them to our lists of genes whose promoters were only at-
tributed H3K27ac peaks, or H3K27cr peaks or the combi-
nation of both. The vast majority of overlapping genes bore
both active marks, in agreement with their combination cor-
relating with favored TF attachment (Supplementary Ta-
ble S3). As for X-encoded genes expressed in RS (whether
re-activated after MSCI or de novo expressed in RS) (49),
our analysis showed that most of these genes were predom-
inantly controlled by H3K27ac (Supplementary Table S3).

H3K27cr is a mark of active distal enhancers

In our proteomic analyses, H3K27cr was largely detected in
association with H3K36me2 (Figure 2E). The latter mark
was described to be rarely present at promoters (89) and
was suggested to mark enhancers and even more super-
enhancers (78) that concentrate TFs and other transcription
co-regulators, to define the expression of nearby cell-type-
specific genes and thus lead to cell identity determination
(78,90,91). Enhancers are distant regions from gene pro-
moters and are characterized by the presence of H3K4mel;
among them, active enhancers are classically defined as
bearing H3K27ac, which is causative to enhancer activ-
ity (92,93). We then inquired whether H3K27cr might also
mark active enhancers and super-enhancers.

H3K27cr and H3K27ac often co-exist at enhancers. We
looked for H3K4mel peaks present at >3000 bp from TSS
to localize putative distal enhancers in SC and RS cells,
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and searched for H3K27ac and H3K27cr peaks overlap-
ping with them. As a whole, 2.7 and 1.7 times more en-
hancers bore H3K27cr compared to H3K27ac in SC and
RS cells, respectively (Figure 5A). A total of 1067 enhancers
bore only peaks for H3K27ac, 3531 enhancers only for
H3K27cr and 5467 harbored peaks for both marks. We ob-
served that H3K27ac was detected with higher signal inten-
sity when H3K27cr was also present (two first boxplots of
Figure 5B), and reciprocally for H3K27cr signal (two last
boxplots of Figure 5B; see also Supplementary Figure S12
for SC cells). In other words, the presence of both acetyla-
tion and crotonylation on H3K27 was favored in a subset
of enhancers.

Distal enhancers bearing combined H3K27ac and H3K27cr
are associated with higher concentrations of transcription
factors and regulators. 'We observed above that promot-
ers bearing H3K27ac and H3K27cr concomitantly were as-
sociated with the highest amount of TFs and chromatin-
binding proteins. We then asked whether a similar rule
would apply within distal enhancers. Focusing on RS cells
in which SLY is specifically expressed, we localized SLY,
SOX30, BRD4, BRDT, BORIS and CTCEF at the putative
enhancers bearing solely H3K27ac peaks, solely H3K27cr
peaks, or peaks for both marks (Figure 5C). Those en-
hancers bearing simultancously H3K27ac and H3K27cr
were more systematically associated with all the chromatin-
binding proteins, except SOX30 that was equally present on
enhancers exhibiting only H3K27ac peaks (Supplementary
Table S4 for Mann-Whitney test results). CTCEF, together
with cohesin, have long been shown to bridge enhancers and
their target promoters by forming chromatin loop anchors
(94,95,90). A high CTCEF signal was harbored by a minority
of enhancers; their genomic coordinates were provided to
the program GREAT (96) to study the ontology of neighbor
genes. The subset of 23 enhancers solely bearing H3K27ac
did not allow extracting any GO term. By contrast, the
318 enhancers bearing only H3K27cr led to highlighting
‘positive regulation of MAP kinase activity’ (most notably
by MAP3K7, FGFR1, FGFR4, VEGFA, FL1, KDR and
NTF3) (Supplementary Figure S13). In addition, the clus-
ter of 486 enhancers marked by all transcription regulators
and bearing both H3K27ac and H3K27cr allowed extract-
ing genes involved in the regulation of nuclear division and
in Rac protein signal transduction (Supplementary Figure
S13). The identification of genes involved in MAPK signal-
ing, in particular MAP3K7 and FGFR1 (97,98), is in line
with previous reports in the context of spermatogenesis.
Because several enhancers often share the same near-
est gene the expression of which they may regulate, we
asked whether the one bearing the maximum signal for
both H3K27ac and H3K27cr might concentrate more
chromatin-binding proteins. Following this gene-centric
reasoning, we counted that about 70% of enhancers bore
the maximum signal for both H3K27ac and H3K27cr in
SC and RS cells. Because active enhancers can get tran-
scribed, we evaluated the presence of H3K4me3. As much
as 73-78% of enhancers exhibiting simultaneously the max-
imum of H3K27cr and H3K27ac also bore a maximum sig-
nal for H3K4me3 in SC and RS cells. We assessed the co-
concentration of BRD4, SOX30, SLY, BORIS and BRDT
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on the enhancers bearing the maximum of H3K27ac and
H3K27cr. BRD4 was tested first because this protein was
described to induce gene expression in RS (48) and deter-
mined to be enriched at super-enhancers in human ESCs
(88); SOX30 was next required due to its established role in
the proper progression of mouse spermatogenesis (49,99—
101). This progressive skimming led to the selection of 4678
enhancers, of which 99% were maintained when requir-
ing a maximum signal for CTCF (Supplementary Figure
S14). This final set represented 48% of the 9742 initially
considered enhancers bearing a maximum signal for both
H3K27ac and H3K27cr in RS cells. By contrast, among the
4094 and 4069 enhancers decorated with either a maximum
signal for H3K27ac or for H3K27cr, only between 25% and
29% overlapped with the maximum of any single chromatin
binder, with the exception of SLY binding 39% of H3K27cr-
marked enhancers and of BRDT binding 34% of H3K27ac-
marked enhancers. Requesting having the maximum signal
for all chromatin binders led to the selection of <0.5% of
the enhancers bearing solely the maximum for H3K27ac or
H3K27cr. These assessments indicated that the combined
strong marking of enhancers by H3K27ac and H3K27cr is
most often associated with the accumulation of transcrip-
tion regulators and of CTCF.

Enhancers marked by H3K27cr may be more associated with
highly expressed genes than those solely marked by H3K27ac.
Assuming that a given enhancer modulates the expression
of the closest gene (92,93,95), we plotted the distribution
of gene expression levels with regard to the presence of
each active mark on the associated enhancer(s). Consider-
ing the four scenarios of genes depicted in Figure 5D, we
observed that genes under the control of H3K27cr-modified
enhancers, alone or in combination with H3K27ac, were
significantly more expressed than those under the control
of enhancers solely modified by H3K27ac.

Assessing a possible synergy between marks at promoters and
distal enhancers to induce the expression of spermiogenesis-
related genes. The combined increase of both marks at
promoters was observed to contribute to highest gene ex-
pression induction (Figure 4D). We asked whether genes
regulated by the two active marks at their promoters also
matched doubly marked enhancers. We considered the var-
ious enhancers sharing the same nearest gene and selected
the one harboring the maximum signal of each histone
mark. We then handled data in a stringent way, by request-
ing that a maximum of signal for H3K27ac and H3K27cr
be present at the considered enhancers at both SC and RS
stages. We assessed the correlation between gene expression
induction and an increase between SC and RS stages of
H3K27ac and H3K27cr marks at both promoters and en-
hancers. This evaluation led to the heatmap of Figure SE,
in which cluster C2 is mostly populated by over-expressed
genes (Supplementary Table S5). The program STRING ex-
tracted from this cluster the GO terms ‘sperm part’, ‘acro-
somal vesicle’ and 36 Takusan genes (Supplementary Fig-
ure S15). Clusters with overall stable or decreased mark-
ing at enhancers (cluster C4) or at promoters (cluster C3)
were both associated with a lack of induced gene expres-
sion, which indicates that gene expression from SC to RS
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Figure 5. (A) Overlaps of H3K4mel peaks localized at >3000 bp from gene TSS with H3K27ac peaks and H3K27cr peaks. (B) Distribution of ChIP-
seq signals for H3K27ac and for H3K27cr on enhancers bearing only one mark or both concomitantly in RS cells; ‘H3K27ac with H3K27cr’ labels the
distribution of H3K27ac signals at enhancers where H3K27cr peaks are also detected, and vice versa. (C) Heatmaps obtained in RS stage showing the
signals detected for chromatin-binding proteins on enhancers only marked by H3K27ac peaks (left), or by H3K27cr peaks (middle), or by peaks for both
modifications (right). (D) Distribution of gene expression levels depending whether they are associated solely to enhancers marked by H3K27ac, or by
H3K27cr, or to both kinds of enhancers being either overlapping or separated. (E) Heatmap showing the correlation between RS/SC mRNA ratios and
the RS/SC ratios of H3K27ac and H3K27cr marks at both promoters and distal enhancers. (F) Correlation between the ROSE ranks of super-enhancers
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stage is regulated by histone marks at both promoters and
enhancers. In conclusion, a combined increase of H3K27cr
and H3K27ac at both promoters and distal enhancers in-
duces the expression of genes that ensure the proper dif-
ferentiation of round spermatids into final sperm, notably
genes involved in sperm motility and fertilization.

First-rank super-enhancers bear both H3K27ac and H3K27cr
and some sperm super-enhancers are pre-defined in RS
cells. Finally, we used the program ROSE (rank order-
ing of super-enhancers) to define super-enhancers among
distal enhancers using the classically considered mark
H3K27ac or using H3K27cr (91,102). In SC cells, 930 and
871 super-enhancers were determined from H3K27ac and
H3K27cr, respectively, whereas 1296 and 1625 were so in RS
cells (Supplementary Figure S16A). About half of super-
enhancers determined from H3K27cr thus appear de novo
in RS cells (Supplementary Figure S16B). This is in agree-
ment with histone crotonylation increasing toward the end
of spermiogenesis. As many as 962 super-enhancers bore
both marks in RS cells and 562 did so in SC cells. A repre-
sentation in 2D density plots of the ROSE ranks of super-
enhancers determined for both marks indicated that the
subset of super-enhancers bearing the most intense mark-
ing for H3K27ac also bore strongest H3K27cr in both
SC and RS (Figure 5F). To assess whether stage-specific
super-enhancers might be associated with genes exhibit-
ing dramatic expression changes from SC to RS stage, we
looked for (i) genes matching RS-specific super-enhancers
and showing a 1og2(RS/SC) expression ratio above 3, and
(i1) genes matching SC-specific super-enhancers and show-
ing a log(RS/SC) expression ratio below —3. A total of
115 and 136 genes corresponded to (i) while consider-
ing super-enhancers determined from H3K27ac and from
H3K27cr, respectively (Supplementary Table S6). We es-
tablished that there was a significant association between
the specific presence of a super-enhancer at RS stage and
the highly increased expression of the closest gene (Chi-
squared test, P-value = 0.002 for H3K27ac and P-value
= 0.017 for H3K27cr). Besides, 14 genes corresponded to
(1) when considering H3K27ac to define super-enhancers; a
significant association between SC-specific super-enhancers
and strongly decreased gene expression could be estab-
lished (Chi-squared test, P-value = 0.0006, and Fisher ex-
act test, P-value = 0.0008). Given that only 77 super-
enhancers determined from H3K27cr were SC-specific, no
association analysis with gene expression could be per-
formed. Supplementary Table S6 contains Lyzl4, Pmfbpl
and Ropnl that allowed highlighting the term ‘flagellum’
using the program STRING. Interestingly, the two first
proteins are related to super-enhancers marked by both
H3K27ac and H3K27cr. Among genes under the probable
control of H3K27cr-labeled super-enhancers lies H2afbl,
a histone variant that is incorporated in nucleosomes dur-
ing late spermatogenesis and facilitates replacement of hi-
stones by protamines. Altogether, this evaluation indicated
that super-enhancers defined by H3K27ac were associated
with the stage-selective expression of genes in both SC and
RS cells, while super-enhancers defined by H3K27cr were
only associated with the expression of RS-selective genes.
Finally, we compared the genomic coordinates of the 645
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sperm super-enhancers established in (31) to those of super-
enhancers determined here. In SC, sperm super-enhancers
overlapped with 86, 92 and 75 super-enhancers established
from H3K27ac, from H3K27cr or bearing both marks, re-
spectively. In RS, these figures increased to 104, 138 and 95
super-enhancers (Supplementary Figure S16C). A fraction
of sperm super-enhancers thus appears to be already built
at the RS stage, and notably bears H3K27cr.

DISCUSSION

The recent discovery of various chemical structures possi-
bly modifying histone lysine residues has opened up new
avenues for better deciphering the intricate mechanisms of
gene expression regulation. Among these modifications col-
lectively called acylations, crotonylation was originally de-
scribed in mouse spermatogenesis, and its abundance on
histones was shown to increase during this differentiation
process (5). More precisely, an increase from meiotic (SC)
to post-meiotic cells (RS) of the global level of Kcr at pro-
moters correlates with increased gene expression, partic-
ularly on the X chromosome. We mapped by proteomics
the sites of histones H3 and H4 that bear crotonylation
and observed a maximum stoichiometry of this mark at
H3K27 and H4K8 at the end of spermiogenesis (EC stage).
This result could not be easily explained by metabolomics
analyses which did not indicate obvious changes of the
quantifiable acyl-CoA metabolites in whole cells, includ-
ing crotonyl-CoA, from SC to sperm. Ideally, metabolomics
analyses of acyl-CoA should be performed on nuclear ex-
tracts, but both cell and subcellular fractionations are likely
to perturb metabolism. Our data are however in agreement
with the reported decreased amount of Chromodomain Y-
like protein (CDYL), which converts crotonyl-CoA to (-
hydroxybutyryl-CoA and thus negatively regulates crotony-
lation levels (71). Additional elements are still needed to
grasp the regulation of histone lysine crotonylation, in-
cluding the fraction of cellular enzymes being located in
the nucleus, the enzymatic activities and the site-specific
regulation (e.g. relative cr/ac stoichiometry is maximal at
H3K27). Metabolomic analyses also highlighted relatively
high concentrations of propionyl-CoA, malonyl-CoA and
glutaryl-CoA in both yeast and mouse testis, which might
lead to significant histone PTM levels and would warrant
further investigation.

Western Blot analysis using an antibody against
H3K27cr revealed the presence of this mark on a trun-
cated form of H3, whose abundance surpassed the one
on full-length histone H3 in sperm. First, these observa-
tions indicate that histones crotonylated on H3K27 are
maintained in spermatozoa despite the near complete
replacement of histones by protamines. In (71), the authors
observed that overexpression of CDYL (and thus decreased
level of crotonylated histones) led to a higher proportion
of soluble transition proteins and protamines, suggesting
that crotonylation would favor histone replacement by
protamines. Our results on H3K27cr do not fit with
this proposed mechanism, which may be relevant for
other crotonylation sites, including H4K8cr that we did
not detect in sperm. The modification H3K27cr might
rather be compared to H4K5/K8buty: the bromodomain-

0202 Joquiaydas zz uo Jesn 30 AQ G9L608S/S | | 1/8/8Y/2I01e/Ieu/Ww0d dno oW pede//:sd)y Wolj papeojumoq



4134 Nucleic Acids Research, 2020, Vol. 48, No. 8

containing protein BRDT binds and removes histone
H4 hyperacetylated at its N-terminus but binds more
weakly H4 butyrylated at K5/K8, which slows down its
eviction from the genome (73). Second, the detection of
a cleaved histone form bearing H3K27cr completes the
panel of clipped histones devoid of their N-terminal part
observable in sperm, which include H3 methylated at Lys27
but interestingly enough, barely detectable H3K27ac (69).
Further work is required to determine whether different
roles are attributable to full-length and cleaved histone
H3 crotonylated on Lys27, which crotonylated sites may
actually favor replacement of histones by protamines, and
which histone PTM readers are at work in this process.
Some YEATS-domain proteins might play a role in histone
removal (25-27).

Proteomic analysis revealed the co-occurrence of sev-
eral PTMs on a given histone region and discriminat-
ing between histone variants differing by a few amino
acids. H3.1/H3.2/H3.t and H3.3 are thus distinguishable
by Ala31>Ser31 and we observed a complex interplay in-
volving these two groups of H3 sequences, with H3K27 be-
ing acetylated or crotonylated in combination with H3K36
being non-modified or dimethylated. Most interestingly,
we estimated that the relative stoichiometry between H3.3-
K27cr/K36un and H3.3-K27ac/K36un was about 1/3
whereas H3.3-K27cr/K36me2 and H3.3-K27ac/K36me2
were of similar abundances. These ratios are well above
the relative concentrations of crotonyl-CoA to acetyl-CoA
measured by metabolomics, and may indicate the favored
addition of crotonyl onto H3K27 by yet to determine mech-
anisms.

We obtained the genomic localization of H3K27cr by
ChIP-seq analysis of SC and RS cells and compared it to
H3K27ac ChlIP-seq data and transcription dynamics be-
tween SC and RS. Both active marks exhibited a signif-
icant overlap, yet a larger fraction of H3K27cr was lo-
cated on distal intergenic regions when the majority of
H3K27ac resided at promoters. Acetylation and crotony-
lation being two active marks, they may co-exist on the
same nucleosome. To address such a question, a very el-
egant strategy combining MNase digestion, ChIP against
one mark and quantitative proteomic analysis was reported
by Danny Reinberg’s lab (103). Yet implementing it here
would require taking into account all the active marks pos-
sibly modifying H3K27 (including propionylation, butyry-
lation, succinylation, 2-hydroxyisobutyrylation and beta-
hydroxybutyrylation), testing the anti-H3K27ac antibody
for its ability to equally purify symmetric and assymetric
nucleosomes, and obtaining a stringently prepared sample
of mononucleosomes, because di/multinucleosomes would
significantly impact quantitative results. Besides, it would
also be interesting to estimate the open chromatin status of
regions bearing H3K27ac and H3K27cr either alone or to-
gether.

Our proteomic analyses indicated the preferential pres-
ence of H3K27cr, and to some extent of H3K27ac, in the
variant H3.3. Comparison with ChIP-seq data acquired
for H3.1/2 and H3.3 in RS cells (50) confirmed the pref-
erential association of H3K27ac and H3K27cr with H3.3
observed by proteomics. The original publication describ-
ing Kcr (5) highlighted that increased crotonylation lev-

els from SC to RS cells were associated with gene expres-
sion activation, and that a large fraction of these genes
resided on the X chromosome; this group of genes thus
overcoming the repressive chromatin environment follow-
ing meiotic sex chromosome inactivation (MSCI) (5). The
preferential association of Kcr with the transcriptional
start sites of sex-linked genes that are activated in post-
meiotic cells was also later confirmed by the Namekawa’s
group (45). The mark H3K27cr did not exhibit a partic-
ular enrichment on the X chromosome, and X-encoded
genes expressed in post-meiotic cells (49) appeared to be
mostly enriched in H3K27ac. Crotonylated lysine residues
other than K27 must therefore be associated with post-
meiotic expression of X-encoded genes (5,45,71). How-
ever, a large number of multi-copy genes located on the
Y-chromosome exhibited a simultaneous increase of both
H3K27cr and H3K27ac at their promoters, among which
were Spindlin/spermiogenesis-specific proteins, suggesting
that both crotonylation and acetylation on H3K27 could
be involved in the regulation of these particular genes. Be-
yond sex chromosomes, we observed that H3K27cr and
H3K27ac evolved from SC to RS in a synchronized man-
ner at a subset of gene promoters, with an increase of both
marks associated with highest expression of genes involved
in spermatid differentiation, sperm motility and fertiliza-
tion, while a decrease of both marks was associated with
gene expression shutdown. R. Schneider and colleagues
identified H3K 14pr and H3K 14bu as novel marks induc-
ing active transcription and reported a synergistic effect
of these modifications together with the well-known active
mark H3K9ac (104). The work by Goudarzi et al. (73) also
demonstrated that high levels of both acetylation and bu-
tyrylation on H4 K5 and K8 in spermatogenic cells are
correlated with high levels of gene expression; their data
also suggest that these two modifications could actually
represent alternated modifications of the same residues, re-
flecting a characteristic feature of dynamic chromatin re-
gions resulting from the combined action of HATs and
HDACGs. Our data suggest that H3K27ac and H3K27cr
also have a synergistic effect on gene expression and that
H3K27 could also be a residue involved in controlling the
dynamics of specific chromatin regions. However, differ-
ences were highlighted between the two marks: in SC cells,
H3K27ac appeared to be associated with more expressed
genes than H3K27cr, while the opposite was observed in RS
cells. These results suggested that both marks might be dif-
ferently associated with transcriptional factors/regulators,
which may depend on the expression level of those factors
in different cellular contexts. Indeed some factors, such as
SLY, are only expressed in RS cells.

In RS, we observed that the presence of both marks at
promoters was associated with highest concentrations of
transcription factors and regulators, namely SOX30, SLY,
BORIS, CTCF and BRD4, with highest ShmC marking
over exons and highest gene expression levels. Yet when
considering promoters exhibiting a detectable peak only
for one mark on H3K27, genes induced from SC to RS
showed a favored overlap of SOX30 with H3K27ac and a
preferred correlation of SLY, BORIS, CTCF and BRD4
with H3K27cr. The fact that the three latter general tran-
scription regulators are more associated with H3K27c¢r is
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in line with lysine crotonylation being a more efficient mark
of active transcription than lysine acetylation. Importantly,
BRD4 is able to bind to H3K27ac (105) but not to bu-
tyrylated peptides (106), which renders it unlikely to bind
H3K27cr. BRD4 was shown to be associated with histone
H4 acetylated at its N-terminus (48). One hypothesis would
be that H3K27cr-containing histone H3 preferentially co-
exists with acetylated histone H4, either in the same nu-
cleosome or in adjacent ones. Despite its overlap with ac-
tive epigenetic marks and enrichment at the promoters of
highly expressed genes, SLY has been found to induce gene
repression rather than gene activation, at least on sex chro-
mosome genes and some autosomal genes (44). In line with
these observations, we found here that SLY enrichment is
reduced at the most upregulated genes which are H3K27cr-
positive (Supplementary Figure S11B). Future research on
SLY and on SLX, its X-linked homolog which appears to
have an opposite role on gene expression, will be needed
to better understand their mechanism and their interplay
with histone crotonylation, in particular at H3K27. Finally,
it would be interesting to extend the parallel drawn between
high levels of H3K27ac and H3K27cr at promoters and
of 5-hydroxymethylcytosine over exons of the downstream
genes to the recently published data on DNA methylation
and on the repressive mark H3K9me3 (107). This would
provide an even more complete picture of the respective
contributions on gene expression regulation of histone and
DNA modifications.

In our proteomic analyses, H3K27cr was largely de-
tected in association with H3K36me2, previously found
to mark enhancers and super-enhancers (78). Active en-
hancers, which contribute to gene expression by interacting
with their target promoters, are currently identified by the
presence of H3K27ac. Even though H3K27ac is also known
to accumulate at super-enhancers, additional characteris-
tics are needed to locate and define these genomic elements
with certainty. We observed that distal enhancers bearing
simultaneously high levels of H3K27ac and H3K27cr co-
localized most frequently with all the considered transcrip-
tion factors and regulators: SOX30, SLY, BRD4, BRDT,
BORIS and CTCF. In addition, a combined increase of
H3K27cr and H3K27ac at both promoters and distal en-
hancers was associated with the expression of genes essen-
tial for the differentiation of round spermatids into final
sperm, notably genes involved in sperm motility and fertil-
ization. The determination of super-enhancers by consider-
ing H3K27ac or H3K27cr revealed a significant overlap of
first-rank super-enhancers of both marks. In addition, both
H3K27ac and H3K27cr define super-enhancers controlling
the expression of RS-selective genes. Finally, of the 645
super-enhancers established in sperm (31), about 100 over-
lapped with doubly marked super-enhancers of RS cells,
which indicates that at least some sperm super-enhancers
are already present in post-meiotic cells.

Overall, our work suggests a prevalent role of H3K27cr
in gene expression regulation both at promoters and at dis-
tal enhancers in the context of mouse spermatogenesis. It
would be interesting to further dig into the regulation mech-
anisms controlled by H3K27cr in other biological contexts,
such as in the brain. Indeed, in meiotic germ cells (SC),
H3K27cr was observed to be enriched at the promoters of

Nucleic Acids Research, 2020, Vol. 48, No. 8 4135

genes involved in postsynaptic specialization (Supplemen-
tary Figure S10B). In line with this clue, a recent publica-
tion reported the regulation of H3K27ac and H3K27cr lev-
els by the long non-coding RNA NEAT1, and their impact
on the expression of endocytosis-related genes in Alzheimer
disease (108). Interestingly, in this context, the two marks
appeared to have opposite effects, as H3K27cr correlated
with transcriptional repression.
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