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Abstract

Spermatozoa have a unique genome organization: their chromatin is almost completely devoid of
histones and is formed instead of protamines which confer a higher level of compaction than
nucleosomes and preserve paternal genome integrity until fertilization. Histone-to-protamine
transition takes place in postmeiotic male germ cells called spermatids, and is indispensable for the
production of functional spermatozoa and thus for male fertility. Here we show that the H3K79
(histone 3 lysine 79) methyltransferase DOT1L controls spermatid chromatin remodelling and
subsequent reorganization and compaction of spermatozoon genome. Using a mouse model in which
Dot1l is knocked-out in adult male germ cells, we found that the chromatin of Dot1/-knockout (KO)
spermatozoa is less compact and characterized by a higher level of retained histones and of immature
forms of protamine 2. Proteomic analyses performed on differentiating male germ cells reveal that
Dot1/ KO extensively modifies the spermatid chromatin prior to histone removal. By transcriptomics,
we also show that Dot1/ KO deregulates the expression of ~1500 genes, many of which are involved in
other essential aspects of spermatid differentiation such as flagellum formation. As a consequence of
all these chromatin and gene expression defects, Dot1/-KO spermatozoa have misshapen and less

compact heads, and are less motile, which results in impaired fertility.

Keywords

DOTI1L, H3K79 methylation, spermatogenesis, gene regulation, histone-to-protamine replacement,

chromatin compaction, flagellum development
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Introduction
During the postmeiotic phase of spermatogenesis, male germ cells known as spermatids

undergo profound morphological and functional changes to differentiate in spermatozoa. This process
is driven by a rich genetic program characterized by the expression of thousands of genes in round
spermatids (Chen et al., 2018; da Cruz et al., 2016; Ernst et al., 2019; Green et al., 2018; Soumillon et
al., 2013). Then, when spermatids elongate, their chromatin is extensively remodeled which ultimately
results in the eviction of ~85-99 % nuclear histones and their replacement by more basic, smaller
proteins, called protamines [for reviews, see (Bao and Bedford, 2016; Rathke et al., 2014)]. This unique
chromatin reorganization induces a 6-10 times higher level of compaction of the spermatozoon
chromatin compared to the canonical nucleosome-based chromatin (Ward and Coffey, 1991). Non-
histone packaging of male germ cell genome is conserved throughout evolution and expected to be
important to protect paternal DNA from damages and prepare its reprograming in the zygote, if
fertilization occurs (Rathke et al., 2014). A compact genome is also an advantage for the motile
spermatozoa as it is compatible with a smaller and more hydrodynamic head (Braun, 2001).

In the past decades, the molecular mechanisms driving histone eviction and replacement have
been the focus of several studies which have demonstrated the essential role of histone variants
(Barral et al., 2017; Montellier et al., 2013), of histone post-translational modifications (PTMs), in
particular hyperacetylation (Goudarzi et al., 2016; Oliva et al., 1987), and of writers and readers of
histone acetylation (Dong et al., 2017; Gaucher et al., 2012; Luense et al., 2019; Shang et al., 2007;
Shiota et al., 2018).

Interestingly, high levels of histone H3 Lysine 79 di- and tri-methylation (H3K79me2 and me3)
have been observed at the same time as histone hyperacetylation, just prior to histone removal
(Dottermusch-Heidel et al., 2014a; Dottermusch-Heidel et al., 2014b; Moretti et al., 2017) (Fig. 1A),
but their biological significance remains to date unknown. H3K79 methylation is mediated by one
enzyme, encoded by the gene Dot1/, of which pattern of expression and sequence are conserved from
Drosophila to mammals. Dotl/ has been implicated in development, cell reprogramming,
differentiation, and proliferation [for review, see (Kim et al., 2014; Vlaming and van Leeuwen, 2016)].
It has recently been found to be essential for spermatogonial stem cell self-renewal (Lin et al., 2022)
but its role in postmeiotic male germ cells, where it is the most highly expressed, has not been
addressed.

In the present paper, we investigated Dot1/ role in postmeiotic cells by a comprehensive
analysis of the phenotypic and molecular consequences of its knockout in mouse male germ cells. We
found that Dot1/ is required for gene regulation and chromatin reorganization in spermatids and that
its knockout leads to the production of abnormally shaped nonfunctional spermatozoa with a deficient

chromatin and nucleus compaction.
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95 Results
96

97  Dotll is essential for spermatogenesis and male fertility

98 In both mouse and human, Dot1//DOTI1L gene is highly expressed in the testis (Fig. S1A) and, more

99 precisely, in postnatal male germ cells with a peak in postmeiotic cells, also known as spermatids
100 (Dottermusch-Heidel et al., 2014a; Dottermusch-Heidel et al., 2014b; Moretti et al.,, 2017). To
101 investigate the role of Dot1/ in male germ cells, we generated a conditional knockout using Stra8-Cre
102  recombinase (Sadate-Ngatchou et al., 2008) and a mouse transgenic line in which Dot1/ exon 2 is
103 flanked by LoxP sites (Jo et al., 2011) (Fig. S1B). Previous studies have reported that Stra8-Cre is
104  specifically expressed in the male germline where it is expressed from post-natal day 3 and reaches
105 maximum efficiency in pachytene spermatocytes (Bao et al., 2013; Sadate-Ngatchou et al., 2008). Bao
106 et al. have also observed that Stra8-Cre is more efficient at cutting one allele rather than two (Bao et
107  al, 2013). We therefore generated mice in which one allele of Dot1/ is floxed and one allele is already
108  deleted (A) to increase efficiency of floxed exon excision upon Cre recombinase expression (Dot1/72;
109 Stra8-Cre mice, hereafter call Dot1/-KO or KO). First, to estimate the efficiency of Dot1/ knockout, we
110 detected DOTL1 protein by western blot and immunochemistry on adult testes from Dot1/-KO
111  (Dot1/2; Stra8-Cre) and controls (Dot1/F) (Fig. 1B, 1C, S1C and S1D). We found a reduction of >85 %
112 of DOTIL signal but not complete abolishment/knockout of DOTIL level, despite strong activity of
113 Stra8-Cre in most adult germ cells (Fig. S1E). Analyses of purified germ cell fractions confirmed reduced
114 level but not complete absence of DOTL1 protein, along with a reduction of H3K79me?2 level (Fig. 1D).
115 Multiple protein isoforms of DOT1L have been described in the literature and several of them were
116 observed in our western blots, including the canonical (~165 kDa) and testis-specific (~185 kDa)
117 isoforms (Dottermusch-Heidel et al., 2014b; Zhang et al., 2004), as well as less studied isoforms such

118 as Q679P5 (~122KDa) or Q6XZL7 (~68KDa) (https://www.uniprot.org). All of them were markedly

119 reduced in Dot1/-KO testicular extracts (Fig. S1C).

120 To investigate the impact of Dot1/ knockout on spermatogenesis and male fertility, the reproductive
121 parameters of adult Dot1/-KO males were investigated: significant decreases in testis weight and sperm
122  count were observed (independently of body weight, Fig. 2A, Fig. S2A and S2B). Histological analyses
123  did not reveal a homogenous blockage/arrest at a specific stage of Dot1/-KO spermatogenesis, but
124  rather the presence of “empty” tubules without germ cell or with one or more missing germ cell
125 layer(s) (Fig. 2B and Fig. S2C). These observations were confirmed by cytometry analyses in which the
126 number of all germ cell populations (i.e. premeiotic spermatogonia with Side Population phenotype,
127 spermatocytes and spermatids) was found decreased in Dot1/-KO testes (Fig. 2C), but their frequency

128  was not altered (Fig. S2F). Collectively, these data show that the Dot/ KO we produced leads to
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129 hypospermatogenesis rather than spermatogenesis arrest. When mated to WT females, Dot1/-KO
130 males were found to be hypofertile with significant reductions in the number of litters and in litter size
131 compared to that of CTL males (Fig. 2D, S2D and S2E). In addition to in vivo fertility monitoring, we
132 performed in vitro fertilization (IVF) assays using the same number of spermatozoa per experiment.
133 Using spermatozoa from Dot1/-KO males, no oocyte was fertilized in vitro, while spermatozoa from
134  control males (including WT, CTL and HET males) led to the fertilization of ~37% of oocytes (Fig. 2E.
135  See Fig. S2G for individual values). When using oocytes devoid of zona pellucida, in order to bypass the
136  zona pellucida crossing step, spermatozoa from Dot1/-KO males still performed very poorly compared
137  to that of CTL males (~3 % of fertilized oocytes using Dot1/-KO sperm compared to ~88 % for CTL, Fig.

138  2E), confirming that Dot1/-KO dramatically reduces sperm fertilizing ability.
139

140  Dot1/-KO disrupts spermiogenesis and leads to the production of malformed nonfunctional

141 spermatozoa

142 Our IVF data indicated that spermatozoa from Dot1/-KO males are less functional than those of CTL
143 males, we therefore investigated their morphology and motility. Spermatozoa are highly specialized
144 cells characterized by a small head which encompasses their very compact nucleus, a long flagellum
145 that confers motility and almost no cytoplasm. First, we observed that Dot1/-KO epididymal
146 spermatozoa display malformed heads and abnormal flagella (characterized by thinning of some
147 sections in their midpiece) (Fig. 3A and Fig. S3A). Inside the flagellum, the axoneme normally contains
148 a ring of nine outer microtubule doublets and two central microtubules (9+2 axoneme). In Dot1/-KO
149  sperm, ultrastructure analyses revealed abnormal axonemes, characterized by disorganized
150 microtubules (<9+2 microtubules) (Fig. 3B). Nuclear compaction was also found impaired, observed as
151 less contrasted nuclei in KO in comparison with CTL sperm. Dot1/-KO sperm also showed an increased
152  cytoplasmic retention (Fig. 3B and Fig. S3A). Using CASA (computer-assisted sperm analyses), we
153  observed that Dot1/-KO sperm motility was impaired, with a reduced proportion of motile and
154  progressively motile (i.e. swimming in an overall straight line or in very large circles) spermatozoa (Fig.
155 3C and Fig. S3B). This was not due to cell death as sperm vitality was comparable between CTL and
156 Dot1/-KO mice (Fig. S3C). Axoneme/flagellum organization, nucleus compaction and cytoplasm
157 elimination occur during the differentiation of spermatids in spermatozoa (i.e. spermiogenesis). We
158 measured apoptosis during this transition by TUNEL assay on testicular sections, and found a higher
159 incidence of apoptotic elongating/condensing spermatids in Dot1/-KO than in CTL, another indication

160 of a defective spermiogenesis (i.e. 6% of tubules containing apoptotic elongating/condensing
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161 spermatids in CTL vs 40% of tubules in DOT1L-KO, p =0.0007, Fig. 3D). Collectively, our data indicate

162 that Dot1/-KO spermiogenesis is impaired at multiple levels and produces less functional spermatozoa.
163

164  Dot1/-KO extensively modifies the chromatin of postmeiotic male germ cells which results in
165 abnormal chromatin reorganization and compaction in spermatozoa
166

167 During spermiogenesis, spermatid chromatin undergoes specific reorganization and compaction as
168 most histones are removed and replaced with protamines (Bao and Bedford, 2016; Rathke et al., 2014).
169 In addition to the nuclear compaction defects observed by electron microscopy (Fig. 3B), we noticed
170  that Dot1/-KO sperm chromatin is more sensitive to nucleoplasmin-induced decompaction, than CTL
171 sperm chromatin. Nucleoplasmin, or NPM, is a histone chaperone known to facilitate paternal
172  chromatin decompaction and reorganization after fertilization owing to its ability to bind histones and
173  sperm nuclear basic proteins (Frehlick et al., 2007). Following NPM treatment, a higher proportion of
174  soluble histones was found in Dot1/-KO compared to CTL sperm (Fig. S3D) in agreement with a
175 nuclear/chromatin compaction defect. We next quantified residual histones in epididymal
176  spermatozoa by western blot and found more residual histones in Dot1/-KO than in CTL sperm
177  chromatin (Fig. 3E). We also quantified protamines on acid-urea gels and observed an increase in the
178 immature (non-cleaved) forms of Protamine 2 Dot1/-KO spermatozoa vs. CTL (Fig. 3F). A slight but
179 significant distorted Protaminel/Protamine2 (PRM1/PRM2) ratio was also observed in Dot1/-KO

180  spermatozoa (Fig. 3F).

181  The transition from nucleosomes to protamine-based chromatin is the result of a complex process
182  which starts in spermatids with the incorporation of histone post-translational modifications (PTMs)
183 and histone variants [for reviews see (Bao and Bedford, 2016; Oliva, 2006; Rathke et al., 2014)]. To
184 better understand how DOTI1L impacts on chromatin organization prior to histone-to-protamine
185 transition, we quantified histone PTMs and variants by liquid chromatography-tandem mass
186 spectrometry (LC-MS/MS). In whole testis histone extracts, we observed, as expected, a clear decrease
187  of H3K79 mono- and di-methylation (Fig. S4A) in Dot1/-KO samples compared to CTL (p= 0.006 and
188 0.005, unpaired t-test). The tri-methylation of H3K79 was not detectable with this analysis, possibly
189 due to its small stoichiometry. No other significant differences in histone H3 PTMs were detected
190 between Dot1/-KO and CTL whole testicular histone extracts. However, a significant decrease in
191 histone H4 hyper-acetylated form (i.e. H4K5ac,K8ac,K12ac,K16ac) was observed (p= 0.02, unpaired t-
192  test) (Fig. S4A). We next performed the same analyses on purified elongating/condensing spermatids
193 (ES), the stages during which chromatin is extensively remodelled (Fig. 4) and on epididymal

194  spermatozoa (Fig. S4B). In spermatozoa, some H3K79 methylation has been detected on persistent
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195 histones (Luense et al., 2016; Moretti et al.,, 2017) and a significant decrease in H3K79mel and
196 H3K79me2 levels was visible in Dot1/-KO spermatozoa (Fig. S4B). In Dot1/-KO elongating/condensing
197 spermatids, we also confirmed the decrease of H3K79 mono- and di-methylation (Fig. 4). Here also
198 H3K79 tri-methylation was not detectable. Several other quantitative changes in histone H3 and H4
199 PTMs were observed: on both canonical H3 and variant H3.3, H3K27me2 and H3K36me2 were
200 increased in Dot1/-KO elongating/condensing spermatids, with the most dramatic difference being
201  observed for the combination K27me2K36me2. We also observed a dramatic decrease of H4K20 or
202 R23 mono-, di- and tri-methylated forms (Fig. 4). The most remarkable change was, as in whole testes,
203  a severe decrease in H4 acetylation in Dot1/-KO elongating/condensing spermatids, in particular of
204 hyper-acetylated forms such as H4K5ac,K12ac,K16ac, H4K8ac,K12ac,K16ac and
205 H4K5ac,K8ac,K12ac,K16ac (Fig. 4). In elongating spermatids, histone H4 hyper-acetylation is an
206  essential step of histone-to-protamine transition, as it facilitates chromatin loosening and nucleosome
207 disassembly prior to histone removal [for review see (Oliva, 2006)]. By western blots, we also found a
208 decrease in H4 acetylation in Dot1/-KO elongating/condensing spermatids compared to CTL using anti-
209 H4K16ac or anti-poly H4ac antibody (Fig. S4C). Finally, quantification of histone variants did not reveal
210 striking differences between Dot1/-KO and CTL spermatids (Fig. S4D).

211  All these observations indicate that Dot1/ KO has a profound impact on postmeiotic chromatin at the
212 time of its reorganization which disrupts histone-to-protamine transition and leads to a higher

213 proportion of retained histones and unprocessed protamine 2 in spermatozoa.
214

215 DOTIL regulates the expression of ~1500 genes involved in essential processes of spermatid

216 differentiation

217 In order to gain insight into the gene expression changes associated with Dot1/ deficiency in male germ
218 cells, we performed RNA-seq analyses on purified germ cells from 3 different spermatogenic stages,
219 each in 5 replicates: primary spermatocytes (SC), secondary spermatocytes (SCIl) and round
220  spermatids (RS) (Fig. 5A and Fig. S5A). We did not include elongating/condensing spermatids in this
221  analysis because their transcriptome is very similar to that of round spermatids, and, at this stage,
222 transcription progressively shuts down as a consequence of histone-to-protamine transition and
223  genome compaction. RNA-seq differential analyses showed between 643 and 1001 deregulated genes
224  ateach stage (DEseq2, with a Fold change > 1.5 and p-value < 0.05). The number of deregulated genes
225 increased with progression of male germ cell differentiation and was therefore highest in RS (Fig. 5B
226 and S5B). All stages considered, 1546 genes were found deregulated, and the majority of them were

227 found in common in at least 2 stages (i.e. 681 deregulated genes in at least 2 stages, and 285
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228 deregulated genes in all 3 stages, Fig. 5B). We next investigated deregulated pathways using GSEA
229 (Gene Set Enrichment Analysis) and found a downregulation of biological pathways related to
230 apoptosis, transcription/RNA regulation, chromatin/chromosome organization and mitochondria
231 activity in Dot1/-KO spermatids compared to CTL (Fig. 5C and S5C). Prior to spermiogenesis, pathways
232 related to cilium or flagellum motor activity were found downregulated in Dot1/-KO primary
233 spermatocytes while, in Dotl/l-KO secondary spermatocytes, pathways related to
234  chromatin/chromosome organization were the most significantly deregulated (Fig. S5C). Strikingly, 13
235  to 17 Sic genes were found deregulated in SC, SCll or RS (16 Slc genes significantly deregulated in Dot1/-
236 KO RS, Fig. S5D). Sic genes encode solute carriers, and several of them have been implicated in sperm
237 motility via their effects on flagellum differentiation and/or sperm energy production (Kuang et al.,
238  2021; Maruyama et al., 2016; Toure, 2019). In agreement with the downregulation of pathways related
239  to apoptosis, Bcl6, Jak3 and Tsc22d3 which encode proteins with anti-apoptotic effects (Aguilar et al.,
240 2014; Kurosu et al., 2003; Thomis et al., 1997) were found significantly downregulated in RS. Finally,
241 among the downregulated genes which are the most relevant to the chromatin reorganization defects
242 of Dot1/-KO RS, we identified Hist1h3a, H2afb1 and H2afv which encode histone H3.1 and two histone
243 H2A variants, and the gene encoding the H3K27 demethylase KDMG6A.

244

245 DISCUSSION
246

247 In the present study, using a conditional knockout mouse model, we demonstrate that the H3K79
248 methyltransferase DOT1L is essential for gene regulation and chromatin remodelling during spermatid

249 differentiation.

250 DOTI1L has been extensively studied and found to be involved in many different biological processes
251  such as mixed lineage leukaemia (Nguyen et al., 2011; Okada et al., 2005), cell cycle (Kim et al., 2014),
252  development (Jones et al., 2008), reprogramming (Onder et al., 2012), DNA damage repair (Lin et al.,
253 2009; Zhu et al., 2018) or transcription activation (Steger et al., 2008; Wang et al., 2008). In the male
254  germline, DOTIL is highly expressed in particular in postmeiotic cells (Dottermusch-Heidel et al.,
255 2014a; Dottermusch-Heidel et al., 2014b; Moretti et al., 2017). Before meiosis, DOTL1 has been found
256  to be required for the self-renewal of adult stem cells. Indeed, with a Dot1/ KO induced by a Cre
257 recombinase expressed earlier than the one used in the present study, Lin et al. observed a progressive
258 loss of all male germ cell types (Lin et al., 2022). In the Dot1/-KO males we characterized here, we also
259  found a decrease of all germ cell types, but milder, which enabled us to address the function of DOT1L

260  in adult postmeiotic germ cells (i.e. spermatids). Strikingly, we found that Dot1/-KO spermatozoa
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261 present multiple anomalies such as thinner and distorted flagella, cytoplasmic retention and impaired
262 nuclear compaction. As a result, KO spermatozoa are less motile and their fertilizing ability is
263 compromised. These defects are associated with the deregulation of ~1500 genes in Dot1/-KO meiotic
264 and postmeiotic germ cells. Previous studies have shown that spermatid differentiation is associated
265 with the specific expression (or highly enriched expression) of thousands of genes, and that this genetic
266 program starts as early as in primary spermatocytes (Chen et al., 2018; da Cruz et al., 2016; Ernst et
267 al., 2019; Green et al., 2018; Soumillon et al., 2013). Here, our analyses indicate that pathways related
268  to “cilium/flagellum assembly or motility” are deregulated from the spermatocyte stage, and those
269 related to “nucleosome assembly, chromatin remodelling” are deregulated in secondary
270  spermatocytes and round spermatids (Fig. S5C). A small but significant proportion of Dot1/-KO
271  spermatids undergo apoptosis and this was also visible by RNA-seq with the deregulation of
272 “apoptosis” related pathways in RS, including the downregulation of several anti-apoptotic genes such
273 as Bcl6 or Jak3 (Kurosu et al., 2003; Thomis et al., 1997). Finally, several genes encoding members of
274  the solute carrier family were deregulated in Dot1/-KO male germ cells. Sic family members have been
275 previously implicated in sperm motility via their effects on flagellar differentiation and/or sperm
276 energy production (Kuang et al., 2021; Maruyama et al., 2016; Toure, 2019); the deregulation of Sic
277 genes could therefore contribute to the sperm flagellar and motility defects of Dot1/-KO males. Overall,
278  these data indicate that Dot1/-KO-induced gene deregulation is responsible for the multiple defects of

279 postmeiotic male germ cell differentiation.

280 Spermatozoa have a unique genome organization which directly results from the replacement of most
281 histones by protamines during spermatid differentiation. Here, we show that DOT1L controls
282 spermatid chromatin remodelling and subsequent reorganization and compaction of spermatozoon
283 genome. Indeed, the chromatin of Dot1/-KO spermatozoa is less compact, and characterized by a
284 higher level of retained histones and of immature forms of protamine 2. Several other studies have
285  observed asimilar sperm chromatin content as a result of incomplete histone-to-protamine transition,
286 such as Tnp1-KO (transition protein 1)(Yu et al., 2000), H2al2-KO (H2A histone family member L2A)
287 (Barral et al., 2017), deletion of the mouse Y chromosome long arm (Yamauchi et al., 2010) or Kat2a —

288 KO (aka Gen5) which encodes the lysine acetyltransferase 2A (Luense et al., 2019).

289 In elongating spermatids, histones — in particular histone H4 — are hyper-acetylated prior to their
290 replacement. This phenomenon is a prerequisite for histone-to-protamine transition as it creates a
291 permissive state for histone removal [for reviews see (Bao and Bedford, 2016; Oliva, 2006; Rathke et
292  al., 2014)]. H3K79me2/3 levels peak at the time of H4 hyperacetylation (Dottermusch-Heidel et al.,
293 2014a; Dottermusch-Heidel et al., 2014b; Moretti et al., 2017) and we show here that both H3K79

294  methylation and H4 hyperacetylation are drastically reduced in Dot1/-KO elongating spermatids. In

9


https://doi.org/10.1101/2022.10.17.512530

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.17.512530; this version posted October 17, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

295 other contexts than the male germline, H4 acetylation and H3K79 methylation have previously been
296 shown to influence each other. In 2016, Gilan et al. showed that DOT1L-mediated H3K79me?2 facilitates
297 histone H4 acetylation (in particular of H4K5ac) and subsequent recruitment of the bromodomain-
298 containing protein 4, BRD4, in a cell model of acute myeloid leukemia (Gilan et al., 2016). Reciprocally,
299 in 2021, Valencia-Sanchez et al. showed by cryo-electron microscopy that H4K16 acetylation stimulates
300 the H3K79 methyl transferase activity of yeast Dot (Valencia-Sanchez et al., 2021). In light of these
301 data, we conclude that DOT1L-mediated H3K79 methylation is necessary for proper histone H4
302 hyperacetylation in elongating spermatids and for an efficient histone-to-protamine transition and

303  compaction of the sperm chromatin.

304 Other changes of histone PTMs in Dot1/-KO elongating spermatids were observed such as increase in
305 H3K27me2 and in H3K36 methylation (on H3 canonical histone as well as H3.3 and H3mm13 variants),
306 and decrease in H4K20/R23 methylation. In an MLL (Mixed-lineage leukemia) model cell line, it was
307  shown that reducing H3K36me3 by knocking down the expression of SETD2 (SET domain containing 2)
308 enzyme results in upregulation of H3K79me?2 level (Bu et al., 2018). Here, our data suggest that loss of
309 H3K79 methylation could reciprocally lead to an increase in H3K36 methylation. Alternatively, the
310  multiple changes in histone PTMs could be compensatory mechanisms for H3K79 methylation loss, as
311  observed in Th2b knock-out male germ cells in which H2B was upregulated and several histone PTMs
312 and variants changed to compensate for the loss of H2B variant TH2B (Montellier et al., 2013). The
313 deregulation of genes associated to “chromatin function” could also contribute to the observed
314 chromatin changes. This is exemplified by the increase in H3K27me2 detected in Dot1/-KO
315 elongating/spermatids following the downregulation of the gene encoding the H3K27 demethylase
316 KDMB6A in round spermatids.

317 Finally, in light of the abnormal chromatin content and compaction observed in Dot1/-KO spermatozoa,
318 it would be interesting to investigate their impact on early embryo chromatin reorganization and DNA
319 integrity. Indeed, abnormal sperm chromatin compaction can lead to a high incidence of DNA damage
320  which may not be all repaired by the early embryo and may lead to developmental arrest [see (Garcia-
321 Rodriguez et al., 2018) for review]. Using a technology which consists in directly injecting a
322 spermatozoon in the oocyte (i.e. IntraCytoplasmic Sperm Injection, ICSI), it should be possible to
323  overcome the inability of Dot1/-KO sperm to in vitro fertilize embryos, and use this model to better

324  understand the impact of abnormally compacted sperm on embryo chromatin and development.

325

326 Materials and methods
327
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328 Mouse strains and genotyping

329 Conditional Dot1/ knockout mice were obtained from the Knockout Mouse Project (CSD29070) (to
330 F.V.D). This line has previously been described in (Jo et al., 2011). In these mice, Dot1/ exon 2 is flanked
331 by loxP sites (see Fig. S1B). Recombination of loxP sites by Cre recombinase leads to the deletion of
332 exon 2 and consequently a frameshift and premature stop codon in Dot1/ Coding DNA sequence.
333  Tg(Stra8-iCre)1Reb/) were obtained from the Jackson lab (JAX stock #017490) (Sadate-Ngatchou et al.,
334 2008). All animals analyzed in this study were from a C57BL6/J background. Genotypes of animals were
335 determined by polymerase chain reaction (PCR) using Dot1/ primers F+R1+R2 (Fig. S1) or iCre primers
336 as described on the Jackson lab website. The latter PCR was performed with Ymtx internal control (see
337  Table S1 for primer list and sequences).

338 Reproductive parameters were analyzed on two types of Dot1/ knocked-out animal models. First, on
339  animals hosted in a conventional animal house (cah) and of the following genotypes: Dot1//¥'; Stra8-
340 Cre mice (DOT1Lcah) and Dot1/?/# siblings (without Stra8-Cre transgene) as controls (CTLcah). Second,
341  on animals hosted in a Specific Pathogen-Free (SPF) animal house and of the following genotypes:
342  Dot1/*; Stra8-Cre (hereafter called DOT1L-KO) and Dot1/?/*' siblings as controls. Analyses of the
343  reproductive parameters of both types of KO males (Dot1//*;Stra8-Cre or Dot1lI?/%; Stra8-Cre) gave
344  similar results (Fig. S2A and B). Heterozygous Dot1/"”* males (HET) were also analyzed. They did not
345 differ from controls (Fig. S2 A-E). Dot1/7/2; Stra8-Cre animals were generated because it had been
346 shown that Stra8-iCre is not 100 % efficient (Bao et al., 2013). In these animals, one allele of Dot1/ is
347 floxed and one allele is already deleted (A) to increase the efficiency of floxed exon excision upon Cre
348 recombinase expression. Nevertheless, some remaining DOTL1 protein signal was observed by
349 Western blot and Immunofluorescence (see Fig. 1B-D and Fig. S1C and D). All other phenotypic
350 analyses and all molecular analyses were performed on Dot1/?/2; Stra8-Cre, hereafter called Dot1/-KO,
351 and on Dot1/™/f siblings as CTL. Unless specified, all analyses were performed on adult (~3 to 6 month-
352 old) males. Mice from mTmG line (Muzumdar et al., 2007) were crossed to Stra8-Cre line to verify

353  Stra8-Cre recombinase location and activity.

354  The mice were fed ad libitum with a standard diet and maintained in a temperature- and light-
355 controlled room. Animal procedures were approved by Universite de Paris ethical committee (Comite
356  d’Ethique pour I'Experimentation Animale; registration number CEEA34.JC.114.12, APAFIS 14214-
357  2017072510448522v26).

358

359 Fertility tests
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360 Dot1/-KO and CTL males, aged from 8 to 10 weeks, were housed with two wild-type C57BL6/J females
361 per cage (aged from 6 weeks, Janvier Labs, France) for up to 4 months. Vaginal plugs were checked and

362 females separated when found. For each group, litter size and number were assessed.
363 IVF

364  Oocyte preparation: WT C57BL6/) female mice aged 6 to 8 weeks (Janvier Labs, France) were
365  superovulated with 5 IU of pregnant mare serum gonadotropin (PMSG) and 5 IU human chorionic
366  gonadotropin (hCG) (Intervet, France) 48 hours apart. About 14 hours after hCG injection, animals
367  were sacrificed by cervical dislocation. Cumulus oocyte complexes were collected by tearing the
368 ampulla wall of the oviduct, placed in Ferticult medium (FertiPro N.V, Belgium) supplemented with 3
369 % BSA (Sigma—Aldrich), and maintained at 37°C under 5 % CO2 in air under mineral oil (FertiPro N.V,
370 Belgium). When experiments were performed with Zona-free oocytes, cumulus cells were first
371 removed by a brief exposure to hyaluronidase IV-S (1 mg/ml, Sigma—Aldrich). The zona pellucida was
372  then dissolved with acidic Tyrode’s (AT) solution (pH 2.5) (Sigma—Aldrich) under visual monitoring.
373 Zona-free eggs were rapidly washed five times and kept at 37°C under 5 % CO2 in air for 2 to 3 hours

374  to recover their fertilization ability.

375 Capacitated sperm preparation: mouse spermatozoa were obtained from the cauda epididymides of
376 DOT1L-KO, CTL, HET and WT C57BL6/J males (aged 8 to 12 weeks) and capacitated at 37°C under 5 %
377 CO2 for 90 minutes in a 500 ul drop of Ferticult medium supplemented with 3 % BSA, under mineral
378  oil.

379 In vitro fertilization: cumulus-intact and Zona-free eggs were inseminated with capacitated
380 spermatozoa for 3 hours in a 100 pl drop of Ferticult medium, 3 % BSA at a final concentration of 10°
381 or 10° per ml, respectively. Then, they were washed and directly mounted in Vectashield/DAPI (Vector
382 laboratories, CA, USA) for observation under UV light (Nikon Eclipse E600 microscope). Only oocytes
383 showing at least one fluorescent decondensed sperm head within their cytoplasm were considered

384  fertilized.
385 Germ cell purification by elutriation or FACS

386 Germ cells were purified from adult males using fluorescence-activated cell sorting (FACS) or
387 elutriation as previously described in (Cocquet et al., 2009; Comptour et al., 2014) and more recently
388 in (Crespo et al.,, 2020). Elutriated fractions with a purity ~95-99% for elongating/condensing
389 spermatids were used for LC-MS/MS analyses. Highly enriched fractions of primary or secondary

390 spermatocytes (>90%) and round spermatids (~99%) were used for RNA-Seq analyses. Flow cytometric
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391 analysis of testicular cell suspension were performed as previously described (Corbineau et al., 2017;

392 Ragazzini et al., 2019).
393  Sperm collection and purification with Percoll

394  Spermatozoa were extracted from cauda epididymis in pre-warmed (37°C) M2 medium (Sigma-Aldrich)
395 by gentle pressure. Then, epididymides were perforated with a thin needle and incubated in M2 for
396 10 min at 37°C to allow remaining sperm to swim up. For molecular analyses, spermatozoa were next
397 purified on a Percoll gradient. In brief, spermatozoa were centrifuged at 2000 g for 10 min and pellets
398 incubated in somatic cell lysis buffer (1X PBS, 0.1% SDS, 0.5% Triton X-100) for 10 min on ice. Sperm
399 cells were washed with PBS-BSA (1X PBS, 0.5% BSA, 2mM EDTA) and briefly sonicated to remove
400 flagella (ON 5 sec — OFF 30 sec x 3 Cycles, bioruptor Pico, Diagenode). The samples were transferred in
401 low retention tubes, loaded on 50% Percoll (Sigma-Aldrich) and centrifuged at 2500 g for 5 min to
402 remove somatic cells and flagella. This step was repeated once and sperm cells were washed in PBS-
403 BSA twice and counted (minimum 1 000 cells). The purity was >99.7%. Sperm pellets were snap-frozen

404 in liquid nitrogen and stored at -80°C prior to use.
405 Nucleoplasmin decompaction

406 Experiments were performed as previously described in (Yamaguchi et al., 2018). Following Percoll
407 purification, sperm heads were washed in 1X PBS, 0.5% Tween, permeabilized with 0.02 U/M
408 Streptolysin O (Sigma-Aldrich) in 1X PBS for 10 min on ice and washed once with 1X PBS, 0.5% Tween.
409 Cells were then incubated with 1X PBS containing 1 mM DTT for 10 min at 37°C, washed with 1X PBS,
410 0.5% Tween, resuspended in KH buffer (100 mM KCI, 20 mM Hepes-KOH, pH 7.7) in low retention tubes
411 and stored at -80°C for later use. Ten millions of sperm heads were resuspended in 1 mL NPM
412 treatment buffer (20 mM HEPES-KOH, pH 7.7, 100 mM KCl, 2.5 mM MgCl2, 5 mM Na-But, 10 mM DTT,
413 1X complete EDTA-free protease inhibitors, 250 uM NPM) and incubated for 2h at 37°C in a
414  Thermomixer (Mixer HC, Starlab) at 1000 rpm. After centrifugation at 20 000 g for 5 min at 4°C, cells
415 were washed with 5 mM Na-But in 1X PBS, 0.5% Tween twice and sperm heads were fixed with 1%
416 PFA for 10 min at RT, quenched with 250 mM glycine and washed in 5 mM Na-But in PBS/Tween 0.5%
417 twice.

418  After fixation, sperm pellets were resuspended in NP40 Buffer (10 mM Tris-HCI, pH 8.0, 10 mM Nacl,
419  0.5% NP40, 1X complete EDTA-free protease inhibitors, Sigma Aldrich) and incubated on ice for 30 min.
420 Samples were washed with 1X PBS, 0.5% Tween, 5 mM Na-But, and resuspended in 200 uL of
421 sonication buffer (10 mM Tris-HCI, pH 8.0, 20% glycerol, 0.25% SDS, 5 mM Na-But, 1X complete EDTA-
422  free protease inhibitors). Sperm cells were sonicated (ON 30sec — OFF 30sec x13 cycles, Bioruptor Pico,

423 Diagenode) and the sheared chromatin was centrifuged at 20 000 x g for 10 min at 4°C. Supernatants

13


https://doi.org/10.1101/2022.10.17.512530

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.17.512530; this version posted October 17, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

424  were transferredin new 1.5 mL tubes and pellets resuspended in 200 pL of KH buffer. Prior to western-
425 Blot analyses, both supernatant and pellets were resuspended in 4X NuPage/10% B-mercapto-ethanol

426  (ThermoFisher), heated 10 min at 95°C and briefly sonicated.
427 Histone extraction from spermatozoa

428 Experiments were performed as described in (Crespo et al., 2020) with minor modifications. In brief,
429 five millions of Percoll-purified spermatozoa were incubated in 50mM DTT for 30 min (at 4°C) then
430 mixed with sulfuric acid (0.4M final volume), sonicated and acid extracted with 20% trichloroacetic
431  acid (TCA). Histone pellets were washed with cold acetone containing 0.05% HCI, dried at room
432  temperature, and resuspended in 50ul of SDS-PAGE loading buffer containing 10% B-mercapto-
433  ethanol.

434 Western blot

435 Electrophoresis was performed in polyacrylamide gels at 120 V in denaturating buffer containing 25
436  mM Tris Base, 190 mM glycine, 0.1 % SDS and proteins were transferred on nitrocellulose membranes
437 (GE Healthcare). Membranes were then rinsed and incubated 3 min in Ponceau stain to visualize
438  transfer efficiency. Then membranes were incubated in 1X PBS, 0.01 % Tween, 5 % milk. All primary
439 antibodies were incubated over night at 4°C (see table S2 for references and dilutions) and 2 h at room
440  temperature for secondary antibodies. The revelation was performed with SuperSignal West Pico Plus®
441 ECL from ThermoFisher (34580) and Immobilon ECL Ultra Western HRP substrate from Millipore
442 (WBULS0100) on ImageQuant™ LAS 4000 imager.

443 Extraction and analysis of protamines

444 P1/P2 protamine ratio was analyzed following procedures of protamine-rich fraction of sperm nuclear
445 proteins extraction and analysis previously described, with minor modifications (Soler-Ventura et al.,
446  2018). Briefly, histones and other basic proteins loosely attached to DNA were extracted incubating
447  sperm in 0.5 M HCIl for 10 min at 37 oC after vortexing, and centrifuged at 2000 g 20 min at 4 °C. This
448  step was repeated three times. Resulting pellet was resuspended in 0.5 % Triton X-100, 20 mM Tris-
449 HCl (pH 8), and 2 mM MgCl,. After centrifugation at 8940 g 5 min at 4 2C, the sediment was
450 resuspsended in milliQ H,0 with 1 mM PMSF, centrifuging again at the same conditions. Chromatin
451 was then denaturated by resuspending the pellets in 20mM EDTA, 1mM PMSF, 100mM Tris-HCI- pH8)
452 and adding 1 volume of 575 mM DTT in 6 M GuHCI prior vortexing. The solution was incubated at 37
453 2C with 0.8 % 4-vynilpyridine to inhibit cysteine disulfide bonds for 30 min, vortexing every 5 min, in
454  fumehood and in dark conditions. Chromatin was then precipitated with a minimum of 10 min

455 incubation with cold ethanol at -20 2C, followed by centrifugation 12880 g for 15 min at 4 2C. Basic
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456 nuclear proteins (protamine-enriched fraction) were extracted from DNA incubating with 0.5 M HCl at
457 37 2Cand recovered in the supernatant after centrifugation at 17530 g for 10 min at 4 2C. Precipitation
458  was carried out with 20 % TCA on ice and centrifugation using the same conditions. Protamines were
459 washed twice with 1 % B-mercaptoethanol in acetone and dried out at room temperature. For in-gel
460 quantification, dried purified extracts were resuspended 5.5 M urea, 20% B-mercaptoethanol, 5%
461 acetic acid, and separated using acetic-acid urea gel electrophoresis (AU-PAGE). Gels were stained with
462 EZBlue™ Gel Staining Reagent (#G1041, Sigma Aldrich) and optic density of the bands corresponding
463  to mouse PRM1 and PRM2 was quantified using Quantity One 1-D analysis software (BioRad, Hercules,
464 CA, USA) to calculate the PRM1/PRM2 ratio. PRM1/PRM2 ratios were normalized against the control

465 group.
466  Histological analyses

467 Mouse testes were fixed in 4 % buffered paraformaldehyde (PFA) for minimum 4 h, before they were
468  cutin halves and incubated overnight in Bouin (Sigma). Testes were then washed in 70 % ethanol at
469 room temperature for 30 min, dehydrated, and embedded in paraffin. Four um-sections were stained

470  with periodic acid—Schiff (PAS).
471 Immunohistochemistry and immunofluorescence

472 Mouse testes were fixed in 4 % buffered paraformaldehyde (PFA) for minimum 4 h, before they were
473 cut in halves and incubated overnight in 4 % PFA. Testes were then washed in 70 % ethanol at room
474  temperature for 30 min, dehydrated, and embedded in paraffin. Immunohistochemistry or
475 immunofluorescence experiments were performed on 4 um-sections using Novolink polymer
476  detection system (7140-K, Leica Micro-systems) according to the manufacturer’s instructions, or
477  following the procedure described in (Comptour et al.,, 2014) with the following modifications.
478 Permeabilization was performed for 15 min in 1X PBS, 0.5 % Triton X-100. Blocking was performed for
479 30 minto 1 h at room temperature in 1X PBS, 0.1 % Tween, 1 % BSA. Primary antibody was incubated
480  overnight at 4°C (dilution and reference of each antibody are available in Table S2). Some slides were
481 counterstained with Hematoxylin. For immunofluorescence experiments, lectin (L-21409 or L-32459,
482  ThermoFisher) was diluted at 1/500 in 1X PBS and incubated for 1 h at room temperature along with
483 secondary antibodies (see (Comptour et al., 2014)). Lectin was used to stain the developing acrosome
484  and determine the stage of testis tubules as described in (Ahmed and de Rooij, 2009). DAPI (in
485 VECTASHIELD Mounting Medium, Vectorlab) was used to stain nuclei. TUNEL assay was performed on
486 4 um paraffin-embedded testicular sections using In Situ Cell Death Detection Kit, Fluorescein as
487 described by the manufacturer (Roche, Sigma-Aldrich). GFP immunofluorescence pictures were taken

488  with a NikonE600 microscope using the Nikon Digital Sight SD-V3 camera (DS-Fil) with the NIS
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489 software. All other immunofluorescence pictures were taken with an Olympus BX63 microscope and
490 analysed using Imagel 1.48v (http://imagej.nih.gov/ij/). Immunohistochemistry pictures were taken

491 with Perkin EImer Lamina slide scanner and analyzed using CaseViewer software.
492 Papanicolaou staining of spermatozoa

493  Spermatozoa were collected from cauda epididymides in M2 medium (Sigma-Aldrich) and spread onto
494  a Superfrost Plus slide (ThermoFisher). Cells were fixed in 4 % PFA for 10 min and stained using
495 Papanicolaou staining. Briefly, the slides were washed in 95 % ethanol, incubated in Harris hematoxylin
496  for 3 min for nucleus counterstaining, washed and stained with OG-6 dye (RAL diagnostics 05.12013,
497 Martillac, France) and with EA-50 (RAL diagnostics 05.12019, Martillac, France). The slides were then
498 dehydrated and mounted with permanent mounting medium. Spermatozoa were then observed with

499 NikonE600 optic microscope and pictures were taken with the 40X objective.
500 Electron microscopy

501 Ten to 20 million epidydimal spermatozoa were collected in 2ml of fresh M2 medium (Sigma-Aldrich)
502 prewarmed at 37°C. After pelleting the sperm at room temperature (300g, 10 min), the pellet was fixed
503 in 3 % glutaraldehyde for 1 h before washing twice in 1X PBS (1000g, 10 min). Samples were then
504  dehydrated in ethanol baths and incubated in propylene oxide before inclusion in gelatin. Slices of 60
505 nm were cut with a Diatome and observed with a JEOL 1011 microscope at a magnification of 1500X

506 or 2000X. Spermatozoa from 4 CTL and 4 DOT1L-KO mice were analyzed.
507 Computer assisted sperm motility analysis (CASA)

508 Immediately after collection of epididymal spermatozoa in M2 medium (Sigma-Aldrich), sperm motility
509  was analyzed by computer-assisted sperm analysis (CASA) systems CASA CEROS II (Hamilton Thorne,
510 Beverly, MA, USA), using a Zeiss microscope. Sperm motility parameters from 12 CTL and 10 DOT1L-

511 KO males were collected.
512 Sample preparation for RNA-seq

513  Total RNA from 150,000 to 600,000 cells of sorted primary spermatocytes (SCl), secondary
514 spermatocytes (SCIl) and round spermatids (RS) was extracted using the Ambion RNAqueous micro kit
515 (ThermoFisher) following manufacturers’ instructions. For each cell type, 5 replicates were analyzed.
516 Quantity and quality were assessed using Bioanalyzer chips (ThermoFisher). Libraries were prepared
517 using the NEBNext Ultra Il Directional RNA Library Prep Kit (New England Biolabs) according to supplier
518 recommendations. Paired-end sequencing of 100-bp reads was then carried out on the Illumina

519 HiSeq4000 system.
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520 RNA-seq analyses

521 Datasets have been submitted to ENA repository under project number PRJEB50887

522  (https://www.ebi.ac.uk/ena/). Snakemake was used for RNA-seq analyses (Koster and Rahmann,

523 2018)(v. 3.9.0). Adaptors were trimmed and reads with poor quality (quality < 20) were filtered out

524  with BBduk from BBTools (v. 38.23, https://sourceforge.net/projects/bbmap/). Alignment was

525 performed on the mouse genome build mm10 (GRCm38.p6) using STAR (Dobin and Gingeras, 2015)
526 (v. 2.7.2d) and Gencode vM19 gene annotation GTF with following arguments : --
527 outMultimapperOrder Random --quantMode Genecounts --sjdbOverhang 74. For each sample, the
528 number of aligned reads was converted in cpm (count per million). Genes with an expression level of
529 at least > 1cpm in a minimum of 2 samples were included in the analysis, to exclude genes with a very
530 low expression. Differential expression analysis was carried out using DESeqg2 (Love et al., 2014) and
531  edgeR (Robinson et al., 2010) packages using default parameters and a design using genotype and cell
532  type. Differentially expressed genes (p-value<5 %) were obtained using glmTreat edgeR's function
533 which conducts a modified likelihood ratio test (LRT) against the fold change threshold (> 1.5). This
534  method is based on TREAT method (McCarthy and Smyth, 2009). Enrichment analysis was performed
535  with GSEA (v. 4.0.3, c5.all.v7.1.symbols.gmt, GO cellular components, biological pathways, or all) on
536  gene expression cpm values between KO and control samples (Subramanian et al., 2005) (Fig. S5E).
537 Beforehand, mouse Ensembl gene ID were converted to human Ensembl gene ID (hg38) with the

538  biomaRt R package (Durinck et al., 2005).
539  Code availability

540 The fully reproducible and documented analysis is available on github at

541 https://github.com/ManonCoulee/RNAseqg DOTI1L Blanco 2022.

542 MS quantification of histone PTMs and of histone variants

543  To identify histone PTMs, samples were prepared and processed essentially as described in Crespo et
544 al. (Crespo et al., 2020). Briefly, histones were precipitated by acid extraction from whole testes which
545 were beforehand reduced into powder using a pestle and mortar on dry ice, or from elutriated
546 elongating/condensing spermatids (ES). They were resuspended in loading gel buffer (LDS sample
547 buffer reference 84788, supplemented with NUPAGE sample reducing agent reference NP00Q9,
548  ThermoFisher) and separated on a 4-12% NuPAGE acrylamide gel (reference NP0321BOX,
549  ThermoFisher). After blue staining (SimplyBlue SafeStain, ThermoFisher), gel bands corresponding to
550 H3 and H4 were cut and then reduced with dithiothreitol, alkylated with iodoacetamide and in-gel
551  digested with 0.1 ug trypsin (V511, Promega) per slice using a Freedom EVO150 robotic platform

552 (Tecan Traging AG, Switzerland). Alternatively, to analyze the relative abundance of histone variants
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553 between conditions, histone samples were simply loaded on a gel and migrated for a few mm. The
554  whole zone was cut for robotic in-gel tryptic digestion. The resulting tryptic peptides were analyzed by
555 a liquid chromatography-tandem mass spectrometry coupling made up of a C18 reversed-phase
556 capillary column (75 um i.d. x 25 cm ReproSil-Pur C18-AQ, 1.9 um particles, Cluzeau, France) using the
557 UltiMate™ 3000 RSLCnano system (ThermoFisher) coupled to a Q-Exactive HF mass spectrometer
558  (ThermoFisher). The mobile phases consisted of water with 0.1% formic acid (A) and acetonitrile with
559 0.08% (v/v) formic acid (B). Peptides were eluted with a gradient consisting of an increase of solvent B
560 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%
561  over 6.5 min. Mass spectrometry acquisitions were carried out by alternating one full MS scan with
562  Orbitrap detection acquired over the mass range 300 to 1300 m/z and data-dependent MS/MS spectra
563  onthe 10 most abundant precursor ions detected in MS. The peptides were isolated for fragmentation

564 by higher-energy collisional dissociation (HCD) with a collision energy of 27.

565 Identification of modified peptides was obtained using our in-house established database of histone
566 sequences, MS_histoneDB (El Kennani et al., 2017), completed with a list of 500 common
567 contaminants. MS/MS data interpretation was carried out with the program Mascot

568  (http://www.matrixscience.com/) with the following search parameters. The precursor and fragment

569 mass tolerances were 5 ppm and 25 mmu, respectively; enzyme specificity was trypsin; the maximum
570 number of trypsin missed cleavages was set to 5, carbamidomethyl (Cys) was specified as a fixed
571 modification. We indicated as variable PTMs in Mascot acetylation, crotonylation and ubiquitination
572 (more precisely the dipeptide “GG”) of Lys residues, methylation and di-methylation of Lys/Arg and tri-
573 methylation of Lys, as well as N-terminal acetylation of proteins. Filtering of peptide identifications and
574 quantification was performed by using the program Proline (Bouyssie et al.,, 2020). All
575 peptide/spectrum matches of scores below 25 were filtered out; next, all identifications of modified
576 peptides suggested by Mascot were visually validated by demanding that a continuous stretch of
577 minimally 5 amino acids be identified in terms of b or y fragment ions, and by ascertaining PTM
578  positioning on Lys/Arg residues. When interpreting our mass spectrometry data against the database
579 MS_histoneDB, we were able to identify and quantify various H3 variants, namely canonical H3 and
580 variants H3.3, testis-specific H3t and H3mm13. H3t differs from canonical H3 at residue 24, while H3.3
581  and H3mm13 differ from H3 at residues 31 and 29. To estimate the relative abundance of modified
582 histone peptides between samples, normalization to be at constant amount of total H3 or H4 was done
583 by dividing the raw MS signals of modified peptides by the MS signals of barely modified peptides
584 detected with high intensity, namely STELLIR for histone H3, and ISGLIYEETR and DNIQGITKPAIR for
585 histone H4. To estimate the relative abundance of histone variants between DOT1L-KO and CTL

586 samples, variants were quantified by Proline by relying only on peptides specific of these sequences.
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587 Samples were normalized to be at constant amount of histone H4. The mass spectrometry proteomics
588 data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al.,

589 2019) partner repository with the dataset identifier PXD030734 and 10.6019/PXD030734.
590  Statistical Analysis

591  Chi-square analysis was used to analyze IVF data. Sperm motility parameters were analyzed using a
592 Mann Whitney tests following angular transformation of percentages. To compare the incidence of
593  sperm head abnormalities, and apoptotic (TUNEL+) spermatids between Dot1/-KO and CTL,
594  percentages were converted in angles prior to performing t-tests. Student t-test was also used for all
595 other analyses (fertility, sperm count, testis weight, histology, histone PTM, western blot and PRM1/2

596 ratio quantifications).
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626  Figure Legend
627 Figure 1. DOT1L expression in meiotic and postmeiotic germ cells of Dot1/-KO and CTL males

628  A) Spermatogenesis scheme representing the dynamic of histone to protamine transition. B) Western
629 blot detection of DOT1L and TUBULIN (TUB) in whole testicular protein extracts from CTL and Dot1/-
630 KO (KO) adult mice. C) Immunohistochemistry detection of DOTLL in testicular sections from CTL and
631 Dot1/-KO (KO) adult mice. SC = Spermatocytes, RS = Round spermatids, ES = Elongating spermatids.
632 Pictures were taken using the same parameters. Scale bars indicate 50um. D) Western blot detection
633 of DOT1L and H3K79me2 in Dot1/-KO (KO) and CTL germ cells. Normalization was performed by
634 detecting the membrane with anti-TUBULIN (TUB). SC = primary spermatocytes, RS = round

635 spermatids. See also Figure S1.
636 Figure 2. Dot1/-KO in male germ cells impairs spermatogenesis and male fertility

637  A)Scatter plots (mean + standard deviation) showing the average testis weight, body weight and sperm
638 count in Dot1/-KO and CTL adult mice (2 to 4 month-old N>10 for CTL and Dot1/-KO samples). B)
639 Histology of Dot1/-KO and CTL testes (periodic acid-Schiff staining). Scale bars indicate 200um. C)
640 Schematic diagram representing total number of each cell type per testis in CTL and Dot1/-KO males,
641 as calculated by FACS. 4N = Primary spermatocytes, 2N = Secondary spermatocytes, N = spermatids,
642 SP = Side Population representing premeiotic germ cells (spermatogonia). 8 CTL and 6 Dot1/-KO testes
643 were analyzed. One or two stars indicate a p-value <0.05 or <0.01, respectively (Student t-test). D)
644 Results from the tests of fertility (natural mating) of Dot1/-KO and CTL males (7 males in each group
645 mated for ~3 months with wild-type females). Schematic diagrams representing the number of litters
646  and the litter size from progeny of Dot1/-KO or CTL males (mean + standard deviation). E) In Vitro
647 Fertilization results. The percentages of fertilized oocytes are indicated for WT, CTL and HET males (‘all
648  CTL’) and for Dot1/-KO males. The left panel shows results using oocytes with intact cumulus, the right
649 panel shows results using oocytes of which the zona pellucida was removed beforehand. See also

650 Figure S2.

20


https://doi.org/10.1101/2022.10.17.512530

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.17.512530; this version posted October 17, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

651 Figure 3. Dot1/-KO in male germ cells leads to multiple spermiogenesis defects including flagellar

652 abnormalities and incomplete sperm chromatin reorganization and compaction

653  A) Representative pictures of Dot1/-KO and CTL epididymal spermatozoa. The black arrow indicates an
654  abnormal sperm head (without apical hook) and white arrows indicate thinning of the flagellum. Scale
655 bars represent 10um. B) Ultrastructure pictures (electron microscopy) from epididymal spermatozoa
656 showing multiple abnormalities in Dot1/-KO compared to CTL: disorganized microtubules (blue arrow),
657 impaired nuclear compaction (top panels) and increased cytoplasmic retention (bottom right panel).
658 Scale bar indicates 1um. C) Scatter plots (mean values following angular transformation +/- standard
659 deviation) of the percentage of motile and progressively motile spermatozoa in Dot1/-KO and CTL adult
660  mice (N=12 for CTL and 10 for Dot1/-KO) obtained following CASA (computer-assisted sperm analysis).
661  Three stars indicate a p-value <0.0005 (Mann Whitney test performed after angular transformation of
662  the percentages). D) Bar plots showing the percentage of testicular tubules with TUNEL-positive
663  elongating/condensing spermatids (ES) (mean per animal + standard error of the mean, N=5 for CTL
664  and 6 for Dot1/-KO). Two stars indicate a p-value <0.005 (unpaired t-test performed after angular
665  transformation of percentages). A representative picture of Dot1/-KO testicular sections following
666  TUNEL assay is shown on the right. TUNEL positive elongating/condensing spermatids are visible inside
667 the tubule (in green, white arrowhead). DAPI (blue) was used to stain nuclei. Scale bar indicates 20um.
668 E) Western blot detection of histones H3 and TH2B in spermatozoa from Dot1/-KO and CTL males. The
669 same quantity of material has been loaded in each well (i.e. extracts from 2millions spermatozoa). The
670 right panels show the quantification of histones H3 and TH2B in spermatozoa from 11 CTL and 10
671 Dot1/-KO males (mean + standard error of the mean), all extracted and loaded similarly. One star
672 indicates a p-value <0.05 (unpaired t-test). F) Coomassie-stained protamine extracts from CTL and
673 Dot1]-KO spermatozoa following acid urea gel electrophoresis (same gel, two different intensities). The
674 same quantity of material has been loaded in each well (i.e. extracts from 1.4millions spermatozoa).
675 Protamine 1 and 2 bands (PRM1 and PRM2, respectively) are detected at the bottom of the gel, while
676  immature forms of Protamine 2 (i.e. non-cleaved forms) are shown in the rectangle. The right panel
677  shows the quantification of PRM1/PRM?2 ratio following acid urea gel electrophoresis. One star

678 indicates a p-value <0.05 (unpaired t-test). A.U. = arbitrary units. See also Figure S3.
679 Figure 4. Dot1/-KO extensively modifies the chromatin of elongating spermatids

680 Bar plots showing the quantification of post-translational modifications (PTMs) in histones H3 and H4
681 in ES (elongating/condensing spermatids) by mass spectrometry. After normalization to be at constant
682 amount of histone H3 or H4 in each analyzed sample (see Material and methods), mass spectrometry

683 signals were divided by the average signal in both conditions (CTL and KO), so as to be able to represent
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684 all peptides in the same figure, whatever their MS intensity. Error bars represent standard deviations
685 calculated on the measurements made on biological replicates (N= 3 CTL and 4 KO). When interpreting
686 our mass spectrometry data against the database MS_histoneDB, we were able to identify various H3
687 variants, namely canonical H3 and variants H3.3, testis-specific H3t and H3mm13. “H3” indicates
688 sequences shared among several variants; “H3.3”, “H3t” or “H3mm13”, each variant. See also Figure

689  S4.

690 Figure 5. Dot1/-KO leads to the regulation of >1000 genes involved in various biological processes, in

691 particular transcription regulation, chromatin organization, mitochondria function and apoptosis.

692 A and B) DESeq2 analysis of Dot1/-KO vs CTL RNA-seq. A) Multi-dimensional scaling plot on the 500
693 most expressed genes using pairwise gene selection. B) Upset graph showing number of genes
694 deregulated in each Dot1/-KO cell type (RS: Round spermatids, SCIl: Secondary spermatocytes, SC:
695 Primary Spermatocytes) and in common between cell types. C) GSEA analysis of Dot1/-KO vs CTL RNA-
696 seq. The figures show all the significant biological pathways found significantly downregulated in Dot1/-
697 KO round spermatids (p<0.05), ranked by their enrichment score. The legend indicates the color code

698  (in grey, “other” pathways). See also Figure S5.
699 Supplemental Material

700 Fig. S1: Complement to Figure 1

701 Fig. S2: Complement to Figure 2

702 Fig. S3: Complement to Figure 3

703 Fig. S4: Complement to Figure 4

704 Fig. S5: Complement to Figure 5

705  Table S1: Primers

706  Table S2: Antibody references and usage
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