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Abstract
Objective: Acyl-CoA synthetase short-chain family member 2 (ACSS2) activity provides a major source of acetyl-CoA 
to drive histone acetylation. This study aimed to unravel the ACSS2 expression during mouse spermatogenesis, where 
a dynamic and stage-specific genome-wide histone hyperacetylation occurs before histone eviction.          

Materials and Methods: In this experimental study, ACSS2 expression levels during spermatogenesis were verified by 
Immunodetection. Testis paraffin-embedded sections were used for IHC staining with anti-H4 pan ac and anti-ACSS2. 
Co-detection of ACSS2 and H4K5ac was performed on testis tubular sections by immunofluorescence. Proteins 
extracts from fractionated male germ cells were subjected to western-blotting and immunoblot was probed with anti-
ACSS2 and anti-actin.               

Results: The resulting data showed that the commitment of progenitor cells into meiotic divisions leads to a robust 
accumulation of ACSS2 in the cell nucleus, especially in pachytene spermatocytes (P). However, ACSS2 protein 
drastically declines during post-meiotic stages, when a genome-wide histone hyperacetylation is known to occur.

Conclusion: The results of this study are in agreement with the idea that the major function of ACSS2 is to recycle 
acetate generated after histone deacetylation to regenerate acetyl-CoA which is required to maintain the steady state 
of histone acetylation. Thus, it is suggested that in spermatogenic cells, nuclear activity of ACSS2 maintains the acetate 
recycling until histone hyperacetylation, but disappears before the acetylation-dependent histone degradation.      
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Introduction

Acetylation of histones is an important controlled 
process playing a crucial role in the regulation of 
gene expression (1). Although several families of 
histone acetyltransferases (HATs) have thus far been 
identified and they have been extensively studied, 
the precise source of acetyl-CoA (as the universal 
donor of acetyl group used by these enzymes) has 
just recently attracted attention. Acetyl-CoA used by 
HATs, comes from different sources due to the activity 
of cytoplasmic/nuclear enzymes, including ATP citrate 
lyase (ACLY) and ACSS2 (2-5). 

Recent investigations have particularly highlighted 
important role of ACSS2 in general and locus-
specific histone acetylation (6). Taking into account 
the important role of ACSS2 in the control of histone 
acetylation and tissue-specific gene expression, the 
question of the expression pattern of its encoding gene 
is a highly relevant issue. In this regard, spermatogenic 
cell differentiation is particularly an interesting 
system, since this differentiation program involves a 

genome-wide histone hyperacetylation during its late 
stages, just before the occurrence of a global histone-
to-protamine replacement (7). Spermatogenesis is a 
process generating spermatozoa from progenitor male 
germ cells, spermatogonia. It involves roughly three 
different phases including mitotic, meiotic and post-
meiotic cells. At the end of mitotic phase, spermatocytes 
are produced which undergo two meiotic divisions, 
giving rise to round haploid cells named spermatids. 
In the post-meiotic phase, these round haploid cells 
differentiate into elongating/condensing spermatids. 
This process is accompanied by a genome-wide 
histone removal and their replacement by small basic 
proteins, transition proteins (TPs) and protamines, 
following a series of event coordinated by the histone 
variant H2A.L.2 (7, 8). 

Ultimately, the elongating spermatids (EIS) undertake 
a real metamorphosis to become mature spermatozoa 
(9, 10). Despite the importance of this genome-wide 
exchange of histones by small basic proteins and the 
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associated chromatin compaction in protecting the 
male genome, the molecular mechanisms underlying 
histone disappearance have remained poorly explored 
(9). Previous works have described a wave of genome-
wide histone H4 hyperacetylation that occurs in EIS 
right before histone removal. Recent works suggest 
that this acetylation signals the recruitment of BRDT 
(as a double bromodomain containing testis-specific 
factor) whose first bromodomain is indispensable for 
the removal of above-mentioned acetylated histones (7, 
11). This unique physiological situation, where a global 
histone hyperacetylation occurs in spermatogenic 
cells, prompted us to consider spermatogenesis as an 
interesting and relevant system to monitor the stage-
specific ACSS2 protein accumulation. 

Materials and Methods
Chemical and reagents

In this experimental study, the utilized antibodies 
were as follow: ACSS2 antibody (Cell signaling, USA), 
anti-Actin (Sigma, Germany) and anti-H4 pan-acetyl 
(Millipore, Germany). Anti-H4K5ac was kindly provided 
by Dr. Kimura, Department of Biological Sciences, Tokyo 
Institute of Technology, Japan.  

Protein extraction and Western-Blotting

Total protein content from whole testes and fractionated 
male germ cells were extracted in 8M urea and they were 
sonicated using Bioruptor sonication system (Diagenode, 
Belgium) at 250 J. Protein dosage was assessed using 
Bradford assay. 

Male germ cells fractionation

Male germ cells at different stages of spermatogenesis 
including pachytene spermatocytes (P), round spermatids 
(RS) and ElS, were obtained by enrichment on a BSA 
gradient, as previously described (12).

Immunofluorescence, histology and immunohisto-
chemistry

Alcohol-formalin-acetic acid-fixed (AFA-Fixed) testes 
were embedded in paraffin and immunostaining of 
ACSS2 and H4 pan-acetylation were followed by using 
immunohistochemistry (IHC) technique, as previously 
described (11). ACSS2 and histone acetylation were co-
detected using anti-ACSS2 and anti-H4K5ac in prepared 
mouse seminiferous tubules by immunofluorescence 
assay, as previously described (13). 

Statistical analysis
The expression levels of ACSS2 in male germ cells 

were normalized, according to Affymetrix or Illumina 
standardized processes respectively, and statistics were 
performed using R software and appropriate script 

packages. Data are expressed as mean ± standard error of 
mean (SEM), expression levels were compared between 
the different groups using t tests, and P<0.01 were 
considered to be statistically significant.

Results

Cell type-specific accumulation of ACSS2 during 
spermatogenesis

To investigate the potential role of ACSS2 in 
generating essential acetyl-CoA required for the histone 
H4 hyperacetylation during spermatid elongation, 
we focused on the expression level of corresponding 
protein, during the mouse spermatogenesis. To this end, 
we took advantage of the previously established stage-
specific transcriptomic data (14, 15). This analysis 
showed a marked increase of ACSS2 expression 
between spermatogonia and spermatocytes, followed 
by a slight but not significant decrease in post-meiotic 
RS and condensing spermatids (Fig.1). Next, to 
determine the precise pattern of ACSS2 expression 
during spermatogenesis, we used sections of paraffin-
embedded testes and IHC. Figure 2 confirms that 
ACSS2 could be easily detected in spermatocytes. 
Rather unexpectedly, this analysis also shows that 
ACSS2 is not detectable in post-meiotic cells, where 
histone hyperacetylation occurs (Fig.2). 

To better monitor ACSS2 accumulation in 
spermatogenic cells and more specifically consider 
its intracellular localization, we used a more sensitive 
immunodetection of ACSS2 by immunofluorescence. 
In fact, Figure 3A shows that ACSS2 is robustly 
accumulated in P, while the protein was predominantly 
detected in the nucleus. The protein was also detected 
in post-meiotic cells, especially in EIS, but it did 
not significantly colocalize with the areas bearing 
hyperacetylated H4. In contrast, ACSS2 was rather 
present in nuclear regions where the histones had 
already been removed, since the regions was devoid of 
H4K5ac signal corresponding to removed histones and 
ACSS2 is present in this zone (Fig.3A merged image). 
Finally, in late elongating/condensing spermatids, 
ACSS2 was almost undetectable.

To make sure that the detection of ACSS2 was 
specific and that the absence of protein in elongating 
and condensing spermatids was not due to chromatin 
compaction and the inability of the antibody to detect 
the protein in situ, we prepared cells enriched at 
specific stages of spermatogenesis by fractionating 
spermatogenic cells and performed Western blots, to 
detect ACSS2 in these fractionated cells.

The results shown in Figure 3B confirm that 
ACSS2 is decreased in post-meiotic cells compared 
to spermatocytes. This also indicates that elongating/
condensing spermatids contain only residual amounts 
of ACSS2. 
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Fig.1: Stage-specific Acyl-CoA synthetase short-chain family member 2 (ACSS2) expression during spermatogenesis. Diagrams show the expression levels of ACSS2 
in spermatogonia, spermatocytes, round spermatids and elongating/condensing spermatids. The expression data were obtained from microarray data, available 
on GEO on the Affymetrix platform GPL1261 (GSE4193, GSE21749, left panel) or the Illumina platform GPL6887 (GSE55767, right panel) (15). A significant increase 
in the expression level of ACSS2 was observed in meiotic cells (spermatocytes), compared to spermatogonia  (P<0.01). Box plots are represented using the default 
parameters of the function “box plot” in R (black line corresponds to median value and whiskers=1.5 * interquartile range). The histograms represent mean values 
+ standard error of mean (SEM).

Fig.2: Acyl-CoA synthetase short-chain family member 2 (ACSS2) expression in the mouse testis. A. Immunohistochemistry (IHC) assay was performed on 
testis paraffin-embedded sections using anti-ACSS2 and H4 pan-acetylated antibodies. The two upper IHC images on the left side represent the ACSS2 
signal in sections with and without counter-staining. The two lower IHC images on the left side represent H4 pan-acetylated signal in sections with and 
without counter-staining (scale bar: 20 µm) and B. The right panel shows  ACSS2 expression along spermatogenesis.
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Fig.3: Acyl-CoA synthetase short-chain family member 2 (ACSS2) starts to disappear along with histone removal in post-meiotic cells. A. Immunofluorescent 
co-detection of H4K5ac (in green) and ACSS2 (in red) in mouse male germ cells. DAPI staining was used to visualize cell nuclei (scale bar: 5 μm) and 
B. Extracted total proteins from fractionated mouse male germ cells were used to detect ACSS2 in spermatocytes, round spermatids and elongating/
condensing spermatids fractions using Western-blot.

Discussion
ACSS2 seems to be a major provider of acetyl-CoA 

for histone acetylation (16). This enzyme could directly 
use acetate from extracellular or intracellular sources to 
generate acetyl-CoA (17). One of the important missions 
of this enzyme is to recycle acetate released after the action 
of HDACs in the nucleus to feed HATs and maintain the 
histone acetylation turnover (18). This detailed analysis 
of ACSS2 expression in parallel with histone acetylation 
during spermatogenesis actually supports the idea that 
ACSS2 is, in fact, an enzyme with a major function in 
acetate recycling to maintain an appropriate amount 
of acetyl-CoA for histone acetylation. Indeed, it is now 
known that in elongating/condensing spermatids, the 
hyperacetylated histones are removed and degraded (7). 
Hence, under this specific circumstance, there is no more 
histone to acetylate and therefore no need to recycle 
acetate to regenerate acetyl-CoA. This situation could 
explain why ACSS2 is not maintained in the post-meiotic 
cells, at the stages they undergo histone-to-protamine 
replacement. Using these observations, we can propose 
different functions for the two major enzymes generating 
acetyl-CoA in the cytoplasm and nucleus. These enzymes 
are ACLY and ACSS2. ACLY uses CoA and citrate to 
generate acetyl-CoA and oxaloacetate. Although ACLY 

is capable of efficiently producing acetyl-CoA, it does 
not play role in recycling the acetate which is released 
after histone deacetylation. The disappearance of ACSS2 
in elongating/condensing spermatids at the time of 
histone removal supports the idea that acetate recycling is 
precisely the mission of ACSS2.

Conclusion
ACSS2 should be a major actor in maintaining the 

steady-state of chromatin acetylation, allowing to establish 
an equilibrium between the action of deacetylases and 
acetyl-transferases. In elongating/condensing spermatids, 
hyperacetylated histones are targeted for degradation and 
hence there is no need to keep active the acetate recycling. 
This is certainly why ACSS2 disappears in elongating/
condensing spermatids at the time of histone removal.

Acknowledgements

We gratefully acknowledge Saadi Khochbin and 
Sophie Rousseaux for their support and input, reading the 
manuscript and providing reagents. This work has been 
funded with a grant from a Marie Curie Initial Training 
Network (FP7-PEOPLE-2011-ITN, PITNGA-289880) 
and by CNRS/INSERM institutional funding. AG’s 

A B



          Cell J, Vol 22, No 1, April-June (Spring) 2020 70

ACSS2 Expression during Spermatogenesis

research is supported by Iran National Science 
Foundation-INSF grant (96009115). We are grateful to 
Ekaterina Bourouva-Flin, Thierry Buchou, Sophie Barral, 
Alexandra Vargas, Tao Wang and Florent Chuffart from 
S. K. laboratory and Dr. Salami for their support and help. 
The authors declare no conflict of interest.

Authors’ Contributions
A.G.; Designed and carried out all the experiments, 

and wrote the manuscript. A.G., A.A.-Y.; Contributed 
in the interpretation of data, manuscript finalization 
and conclusion. All authors read and approved the final 
manuscript.

References
1. Shahbazian MD, Grunstein M. Functions of site-specific histone 

acetylation and deacetylation. Annu Rev Biochem. 2007; 76: 75-
100.

2. Pietrocola F, Galluzzi L, Bravo-San Pedro JM, Madeo F, Kroemer 
G. Acetyl coenzyme A: a central metabolite and second messen-
ger. Cell Metab. 2015; 21(6): 805-821. 

3. Pinkosky SL, Groot PHE, Lalwani ND, Steinberg GR. Targeting 
ATP-Citrate Lyase in Hyperlipidemia and Metabolic Disorders. 
Trends Mol Med. 2017; 23(11): 1047-1063.

4. Lee JV, Berry CT, Kim K, Sen P, Kim T, Carrer A, et al. Acetyl-
CoA promotes glioblastoma cell adhesion and migration through 
Ca(2+)-NFAT signaling. Genes Dev. 2018; 32(7-8): 497-511.

5. Martin-Martin N, Carracedo A, Torrano V. Metabolism and tran-
scription in cancer: merging two classic tales. Front Cell Dev 
Biol. 2018; 5: 119.

6. Li X, Qian X, Lu Z. Local histone acetylation by ACSS2 promotes 
gene transcription for lysosomal biogenesis and autophagy. Au-
tophagy. 2017; 13(10): 1790-1791. 

7. Goudarzi A, Shiota H, Rousseaux S, Khochbin S. Genome-scale 

acetylation-dependent histone eviction during spermatogenesis. J 
Mol Biol. 2014; 426(20): 3342-3349. 

8. Barral S, Morozumi Y, Tanaka H, Montellier E, Govin J, de Dieulev-
eult M, et al. Histone variant H2A.L.2 guides transition protein-de-
pendent protamine assembly in male germ cells. Mol Cell. 2017; 
66(1): 89-101.

9. Gaucher J, Reynoird N, Montellier E, Boussouar F, Rousseaux S, 
Khochbin S. From meiosis to postmeiotic events: the secrets of 
histone disappearance. FEBS J. 2010; 277(3): 599-604.

10. Rathke C, Baarends WM, Awe S, Renkawitz-Pohl R. Chromatin 
dynamics during spermiogenesis. Biochim Biophys Acta. 2014; 
1839(3): 155-168. 

11. Gaucher J, Boussouar F, Montellier E, Curtet S, Buchou T, Ber-
trand S, et al. Bromodomain-dependent stage-specific male ge-
nome programming by Brdt. EMBO J. 2012; 31(19): 3809-3820. 

12. Buchou T, Tan M, Barral S, Vitte AL, Rousseaux S, Arechaga J, et 
al. Purification and analysis of male germ cells from adult mouse 
testis. Methods Mol Biol. 2017; 1510: 159-168.

13. Govin J, Escoffier E, Rousseaux S, Kuhn L, Ferro M, Thevenon J, 
et al. Pericentric heterochromatin reprogramming by new histone 
variants during mouse spermiogenesis. J Cell Biol. 2007; 176(3): 
283-294.

14. Namekawa SH, Park PJ, Zhang LF, Shima JE, McCarrey JR, Gris-
wold MD, et al. Postmeiotic sex chromatin in the male germline of 
mice. Current biology : CB. 2006 Apr 4;16(7):660-7. 

15. Boussouar F, Goudarzi A, Buchou T, Shiota H, Barral S, Deber-
nardi A, et al. A specific CBP/p300-dependent gene expression 
programme drives the metabolic remodelling in late stages of sper-
matogenesis. Andrology. 2014 May;2(3):351-9. 

16. van der Knaap JA, Verrijzer CP. Undercover: gene control by me-
tabolites and metabolic enzymes. Genes & development. 2016 
Nov 1;30(21):2345-69. 

17. Sivanand S, Rhoades S, Jiang Q, Lee JV, Benci J, Zhang J, et 
al. Nuclear acetyl-CoA production by ACLY promotes homologous 
recombination. Mol Cell. 2017; 67(2): 252-265. e6.

18. Bulusu V, Tumanov S, Michalopoulou E, van den Broek NJ, Mac-
Kay G, Nixon C, et al. Acetate recapturing by nuclear acetyl-CoA 
synthetase 2 prevents loss of histone acetylation during oxygen 
and serum limitation. Cell Rep. 2017; 18(3): 647-658.

https://www.ncbi.nlm.nih.gov/pubmed/17362198
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pietrocola+F%2C+Galluzzi+L%2C+Bravo-San+Pedro+JM%2C+Madeo+F%2C+Kroemer+G.+Acetyl+coenzyme+A%3A+a+central+metabolite+and+second+messenger.+Cell+Metabolism.+2015+Jun+2%3B21(6)%3A805-21.+PubMed+PMID%3A+26039447.
https://www.ncbi.nlm.nih.gov/pubmed/28993031
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee+JV%2C+Berry+CT%2C+Kim+K%2C+Sen+P%2C+Kim+T%2C+Carrer+A%2C+et+al.+Acetyl-CoA+promotes+glioblastoma+cell+adhesion+and+migration+through+Ca(2%2B)-NFAT+signaling.+Genes+%26+development.+2018+Apr+19.+PubMed+PMID%3A+29674394.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Metabolism+and+Transcription+in+Cancer%3A+Merging+Two+Classic+Tales.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Metabolism+and+Transcription+in+Cancer%3A+Merging+Two+Classic+Tales.
https://www.ncbi.nlm.nih.gov/pubmed/?term=aucher+J%2C+Reynoird+N%2C+Montellier+E%2C+Boussouar+F%2C+Rousseaux+S%2C+Khochbin+S.+From+meiosis+to+postmeiotic+events%3A+the+secrets+of+histone+disappearance.+The+FEBS+journal.+2010+Feb%3B277(3)%3A599-604.+PubMed+PMID%3A+20015078.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Buchou+T%2C+Tan+M%2C+Barral+S%2C+Vitte+AL%2C+Rousseaux+S%2C+Arechaga+J%2C+et+al.+Purification+and+Analysis+of+Male+Germ+Cells+from+Adult+Mouse+Testis.+Methods+in+molecular+biology.+2017%3B1510%3A159-68.+PubMed+PMID%3A+27761820.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pericentric+heterochromatin+reprogramming+by+new+histone+variants+during+mouse+spermiogenesis.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nuclear+Acetyl-CoA+Production+by+ACLY+Promotes+Homologous+Recombination.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Acetate+Recapturing+by+Nuclear+Acetyl-CoA+Synthetase+2+Prevents+Loss+of+Histone+Acetylation+during+Oxygen+and+Serum+Limitation.

	_GoBack
	_GoBack
	_ENREF_4
	_ENREF_5
	_ENREF_10
	_GoBack
	_GoBack
	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_33
	_ENREF_34
	_ENREF_35
	_ENREF_36
	_ENREF_37
	_ENREF_38
	_GoBack
	_GoBack
	_ENREF_2
	_ENREF_3
	_ENREF_5
	_ENREF_10
	_ENREF_13
	_ENREF_1
	_ENREF_3
	_ENREF_2
	_GoBack
	_ENREF_5
	_ENREF_7
	_ENREF_10
	_ENREF_12
	_ENREF_14
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_22
	_ENREF_30
	OLE_LINK1
	_GoBack
	_Hlk522015812
	_ENREF_4
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_25
	_ENREF_6
	_ENREF_8
	_ENREF_11
	_ENREF_19
	_ENREF_26
	_ENREF_44
	_ENREF_47
	_ENREF_49
	OLE_LINK1
	_GoBack

