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Abstract:  
Mammalian oocyte quality reduces with female age. A well-studied aspect of this deterioration is 
an age-associated rise in oocyte aneuploidy. We show that prior to the occurrence of significant 
aneuploidy (at the age of 9 months in mouse females), epigenetic changes occur and impact 20 
oocyte quality and maturation ability. At this age- we observe a reduction in heterochromatin 
marks in mouse oocytes. This decrease is apparent in both constitutive heterochromatin and 
facultative heterochromatin marks but is absent in active euchromatic marks which remain 
constant. A decrease of heterochromatin marks with age is also observed in human GV oocytes 
from IVF treatments. Heterochromatin loss with age is associated with an elevation in 25 
retrotransposon RNA transcription and processing, an elevation in retrotransposon protein 
expression, elevation in DNA repair proteins nuclear localization and oocyte maturation defects. 
Artificial inhibition of the heterochromatin machinery in young oocytes causes an elevation in 
retrotransposon expression and processing and oocyte maturation defects. Collectively, our work 
demonstrates an early stage of oocyte aging, characterized by the loss of heterochromatin 30 
associated chromatin marks and activation of retrotransposons which cause DNA damage and 
impair oocyte maturation. We hypothesize that this heterochromatin loss serves as an oocyte 
associated "epigenetic clock" and is exploited by the cell as an oocyte QC mechanism.     

 
One Sentence Summary:  35 

Oocyte aging includes an early pre-aneuploidy phase when loss of repressive chromatin marks 
occurs as well as retrotransposon activation and egg maturation defects. 
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Introduction:  
Reproductive aging is defined as the age-related loss of fertility due to increasing damage to the 
reproductive and other systems. Oocytes themselves accumulate damage in an age-related 
manner (Igarashi et al., 2015) (Miao et al., 2009) and deteriorate to the point where they are non-5 
fertile. In human females this occurs at a relatively early age, before the onset of aging in other 
organs and tissues. In our era of increased rate of delayed childbearing, it is becoming crucial to 
understand the mechanisms underlying the compromised quality of oocytes with age. Previous 
studies have demonstrated that oocytes have increased rates of aneuploidy with age (Hassold & 
Hunt, 2001) (Nagaoka et al., 2012). One of the causes for this is due to precautious sister 10 
chromatid separation and resulting non-disjunction (Gruhn et al., 2019) . This happens because 
of loss of sister chromatid cohesion due to the unbinding and inability to re-load Cohesin 
complexes containing Rec8 on chromosomes (Burkhardt et al., 2016) (Lister et al., 2010) (Gruhn 
et al., 2019). 
Despite the dominance of aneuploidy as a contributing factor to oocyte aging and loss, it is clear 15 
that additional factors contribute to the process. The decrease in mature oocyte numbers and in 
female fertility occurs earlier than the onset of aneuploidy (Merriman et al., 2012) , a fact that 
demonstrates the effect of these additional factors. 
Changes in epigenetic regulation of gene expression and altered chromosome dynamics have 
been recognized as contributors to aging, and epigenetic changes during aging have been listed 20 
among the "hallmarks of aging" (Lopez-Otin et al., 2013) . The loss of heterochromatin histone 
marks has been associated with the aging process in many systems and tissues (Zhang et al., 
2015) (Djeghloul et al., 2016) (Jeon et al., 2018) (Keenan et al., 2020). The consequences of 
heterochromatin de-regulation in aging may be related to the activated transcription of 
transposable elements (TE) in the genome, and their subsequent effect on genome stability and 25 
cellular integrity. This has been shown to occur in several organisms and systems (De Cecco et 
al., 2013) (Chen et al., 2016) (Patterson et al., 2015) (Dennis et al., 2012) (Tarallo et al., 2012).  
It was shown that epigenetic changes occur in oocytes of advanced maternal age (Manosalva & 
Gonzalez, 2010) (Yue et al., 2012), but this was always shown at an age where aneuploidy has 
already occurred at high rates and therefore deciphering the exact causal relationship between 30 
infertility, aneuploidy and epigenetic changes has not been possible. It is also unclear whether 
TE are activated in older oocytes, and whether this phenomenon is related to oocyte aging 
phenotypes. 
Here we show that epigenetic changes in oocytes can be detected at an age of 9 months in mice, 
an age reported to still have low levels of oocyte aneuploidy. We show that these changes are 35 
characterized by the loss of repressive histone marks, elevation of retrotransposon mRNA 
transcription, elevated processing of repeated sequences and retrotransposons and increased 
activation of the DNA repair machinery. Treatment of oocytes with epigenetic drugs that inhibit 
heterochromatin formation can mimic the effect of aging and cause a decrease in oocyte 
maturation rates and elevation in retrotransposon activity and DNA damage.  40 
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Results:  
In order to investigate the epigenetic status of oocytes at an age before the onset of aneuploidy, 
we compared the levels of epigenetic markers by immunofluorescence (IF) in GV oocytes of 
normally ovulating (i.e. not super-ovulated) 2 months old (young) and 9 months old (old) mouse 
females. According to previous studies (Manosalva & Gonzalez, 2010) (Koehler et al., 2006), 5 
mouse oocyte aneuploidy at this age is low and not significantly different than in young mice, 
but the level of oocyte maturation at this age by IVM (in-vitro maturation), number of oocytes 
found in the oviduct after superovulation and fecundity is already markedly reduced. Despite the 
absence of significant levels of aneuploidy, the levels of the constitutive heterochromatin 
markers H3K9me2 and HP1γ decrease significantly with age when assessed by in-situ immuno-10 
fluorescent staining (Fig. 1A, B and S1 see supplementary methods for further details). 
Interestingly, the decrease in heterochromatin signal is much more pronounced as the oocyte 
proceeds to the stage of surrounded nucleolus (SN)- when the oocyte undergoes transcriptional 
shut-down (Fig. S2). These results hint to the possibility of an increasing epigenetic defect 
during the transition between NSN and SN (which is accompanied by transcriptional silencing of 15 
the egg, (Kageyama et al., 2007) (Bonnet-Garnier et al., 2012)), at 9 months old eggs. In 
addition, the level of the facultative heterochromatin mark H3K27me3 also reduces with age 
when assessed by in-situ immuno-fluorescent staining (Fig. 1C, S1). This decrease occurs 
uniformly in all GV stage oocytes (both NSN and SN), showing that some age-related epigenetic 
defects can already be seen at an early oocyte developmental stage (Fig. S2).  20 

To investigate whether the epigenetic decrease in repressive marks occurs as a result of histone 
loss, and to control for differences in oocyte staining capacity between young and old oocytes, 
we stained oocytes by in-situ immuno-fluorescence for the active chromatin marks H3K27Ac 
and H3K4me3. Importantly, no significant difference was detected between young and old 
oocytes for these two chromatin marks (Fig. 1D, S3). These results show that the loss of 25 
repressive marks is specific to heterochromatin and that no detectable histone loss has occurred 
in old oocytes.  
We also explored if the epigenetic defect persists in later stages of oocyte development. To do 
this- we explored the epigenome of oocytes at metaphase of MI by performing chromosome 
spreads followed by immuno-staining. Spreads were stained for H3K9me2, and for H3K27me3 30 
(Fig. 1E, F, S1). In these experiments a significant drop in signal was observed in older oocytes. 
This result shows that the epigenetic defects that occur in older oocytes persist till the meiotic 
divisions. Since the spread experiments enable the visualization of the entire chromosome, we 
asked whether the decrease in repressive chromatin marks occurs on specific loci in the genome, 
or whether the decrease is uniform along the entire chromosome. Our results show that the 35 
decrease appears widespread and includes all parts of the nucleus and chromosomes without 
preference for a specific nuclear compartment or chromosome locus (Fig. S4).  
To investigate the consequences of the epigenome de-regulation on the transcription of TE in 
oocytes, we examined RNA expression from two retrotransposon families: long interspersed 
nuclear element-1 (L1) and intracisternal A particle (IAP) which were shown to be expressed in 40 
the germline (Crichton et al., 2014) (Dupressoir & Heidmann, 1996) (Trelogan & Martin, 1995). 
Oocytes from older females had a roughly 2-fold increased expression of both L1 and IAP 
transcripts compared to young oocytes as assessed by quantitative RT-PCR (Fig 2A). We 
confirmed these findings by immunostaining oocytes for a protein of the L1 retrotransposon. L1-
encoded ORF1p was detectable at low levels in young oocytes and increased in intensity in older 45 
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oocytes (Fig. 2B, S5). In accordance with increased activity of TE, older oocytes show increased 
recruitment of DNA repair machinery indicative of DNA damage. This was shown by elevated 
Rad51 nuclear localization in older oocytes, and higher presence of γH2Ax loci (Gasior et al., 
2006) (Fig. 2C,D, S5). Foci of γH2Ax are considered a bona fide marker of DNA damage and 
repair (Fernandez-Capetillo et al., 2004) . An elevated nuclear localization of Rad51 is also a 5 
marker for DNA damage, and was observed in HeLa and Hct116 cells after treatment with 
ionizing radiation (Gildemeister et al., 2009) .  
In addition to expression of retrotransposons in older oocyte, we investigated whether we also 
see evidence for increased processing of retrotransposon RNA. We therefore performed small 
RNA sequencing on oocytes from young and old females. We sequenced RNA molecules from 10 
17 to 167 bp (median of 20 to 80 percentiles, see Methods and Fig. S6) with a median molecule 
size of 18 bp for the young oocytes and 106 for the older oocytes (Fig. S6A). a prominent peak 
of ribosomal RNA at 155 bp can be observed in both samples. The difference in small RNA sizes 
between young and old oocytes shows an elevated presence of RNA fragments of small sizes 
that not yet processed by Dicer, and could originate from spurious transcription due to loss of 15 
genomic repression of heterochromatin. The difference in RNA expression between the young 
and old oocytes was evident in the group of small RNAs coming from genomic repeats (and are 
usually marked by heterochromatin). Focusing on RNA from genomic repeats, we see that most 
repeat types remained unchanged between young and older oocytes (83%). The same amount of 
repeat types was overexpressed and under-expressed in older oocytes (9% and 8% respectively) 20 
(Fig. 3A and Table S1). The list of overexpressed repeat types in old oocytes (Fig. 3B, S6C, D 
and supplementary methods) shows that the predominant types of repeats that were 
overexpressed are LTR and IAP retrotransposon RNA molecules, while in the list of under-
expressed repeat types also includes simple repeats and centromeric repeat transcripts. When 
looking specifically at retrotransposon repeats (386 out of 960 repeat types) the log2 fold change 25 
is increased compared to all repeat types (average 0.06 compared to 0.03) (Table S1 and Fig. 
S6E). In agreement with more retrotransposon mRNA and more retrotransposon-derived small 
RNA from some of the repeats in older oocytes, we also see a significant elevation in the signal 
of dsRNA molecules in older oocytes (Fig. 3C and Fig. S7). Moreover, staining for the Dicer 
protein, an enzyme which participates in the processing of retrotransposons (Soifer et al., 2005) 30 
(Svobodova et al., 2016)shows similar results (Fig. 3D and Fig. S7).   We therefore conclude that 
the loss of epigenetic silencing in old eggs results in enhanced transcriptional activity and 
processing of retrotransposons in the genome. As previous studies (Flemr et al., 2013) (Tharp et 
al., 2020) have shown that elevated retrotransposon activity is detrimental to oocytes, we 
conclude that epigenetic aging damages oocytes partly through the activation of 35 
retrotransposons.  
Since some significant differences in epigenetic regulation exist between mice and human 
(Hanna et al., 2018), we wanted to investigate whether heterochromatin loss with maternal age 
also occurs in human oocytes. For this purpose, we investigated the epigenome of GV oocytes 
from IVF treatments. As a general rule, GV oocytes are not used by clinics for fertilization, but 40 
to make sure the oocytes we used for research could not mature in-vitro, we waited another 24 
hours with the oocytes in medium, before we fixed the immature GV oocytes and immune-
stained them. Therefore, these oocytes likely represent a subset of human oocytes naturally 
arrested at the GV stage (for details of ethical approval see supplementary methods). Indeed, 
fixed oocytes that were stained for DNA visualization were arrested in several developmental 45 
stages (Fig. 4, S8). Further, we stained oocytes by in-situ immuno-fluorescent staining for 
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H3K9me2. Stringent QC criteria were applied to the staining results in order to exclude eggs 
with fragmented or damaged genomes (see Methods). We found that in oocytes arrested both at 
the GV stage and after GVBD, there was an age-dependent decrease in H3K9me2 signal fitting a 
linear decreasing curve (Fig. 4, S8). As control, we also stained human oocytes for the Rec8 
meiotic cohesin. This staining also shows (Fig. S8) a decreasing, age-dependent trend, as has 5 
been shown before for mouse and human cohesin (Liu & Keefe, 2008) (Chiang et al., 2010) 
(Tsutsumi et al., 2014).  
In order to show a causal link between epigenetic deterioration and maturation defects of old 
oocytes we treated young mouse oocytes with chemicals known to affect epigenetic regulation. 2 
months old oocytes were treated with the specific Suvar39h1/2 inhibitor Chaetocin (Greiner et 10 
al., 2005)  at 0.5µM in vitro for 18h (Bertoldo et al., 2020). Staining for H3K9me2 decreased 
after the treatment by staining of chromosome spreads at metaphase of MI (Fig. S9). Assessment 
of the maturation efficiency of the oocytes after treatment with Chaeotocin shows a significant 
proportion of the oocytes did not properly mature after treatment (Fig. 5A). Staining of treated 
oocytes by in-situ immuno-fluorescent for the L1-encoded ORF1p shows an increase in staining 15 
intensity, as shown for naturally aged oocytes (Fig. 5B, S9). Consistently, dsRNA staining 
presented a significant increase in the treated compared to the untreated control oocytes (Fig. 5C, 
S9). Since heterochromatin that is characterized by H3K9me2 and binding of HP1γ is also 
associated with a histone de-acetylation on H3K27 (Naruse et al., 2020) (Wang et al., 2019), we 
sought to investigate whether inhibiting the deacetylation of histones in oocytes will cause a 20 
similar effect. Previous reports also showed that treatment with a histone deacetylase (HDAC) 
inhibitor affects oocyte maturation in-vitro (Jin et al., 2014). We thus treated young oocytes with 
the HDAC inhibitor Trichostatin A (TSA, 100nm for 4 h of arrest and then for 18h until MII) 
(Yoshida et al., 2003) In-vitro treated oocytes show an increase in H3K27Ac and also a decrease 
in H3K9me2 by in-situ staining linking the various heterochromatin features pathways such as 25 
H3K27 de-acetylation and H3K9 methylation in oocytes (Fig. S10). TSA treated young oocytes 
show similar maturation defects to Chaetocin treated young oocytes, and a marked elevation in 
dsRNA presence. Interestingly, TSA treated oocytes do not show a L1-encoded ORF1p elevation 
in signal. Instead L1-ORF1p accumulates in nuclei of treated oocytes, perhaps showing that de-
acetylation activity is central to specific stages in retrotransposon maturation processes (Fig. 30 
S10), causing enhanced nuclear recruitment of the L1 protein when de-acetylation processes fail 
to occur. However, DNA damage response is elevated in TSA treated oocytes as shown by the 
elevated Rad51 nuclear localization in treated oocytes (Fig. S10). Collectively, these results 
show that epigenetic manipulation, in H3K9 methylation or H3K27 acetylation pathways causes 
the inability of young oocytes to mature, and mimics natural aging.  35 

Discussion: 
We show a reduction in repressive chromatin marks with age in mammalian oocytes. This trend 
can be observed in both mouse and human oocytes. In mouse oocytes, we show that 
heterochromatin loss occurs at a significant rate even before the onset of aneuploidy in oocytes. 
In a series of experiments, we demonstrate here that the reduction in repressive marks is 40 
associated with oocyte maturation defects, an increase in dsRNA and Dicer presence in the 
cytoplasm, an elevation in retrotransposon sRNA and an elevation in recruitment of DNA repair 
proteins. Using the epigenetic drugs Chaetocin and TSA we show that an artificial reduction in 
repressive marks in young oocytes also causes maturation defects and elevation in DNA damage. 
Our working model (Fig. S11) is therefore that due to external damage and erosion with time, 45 
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epigenetic information and modified histones are lost from chromatin and replaced by non-
modified nucleosomes. This leads to a cascade of molecular events that eventually lead to a re-
structuring of the whole genome. Silencing of wide genomic domains is eventually lost, and 
retrotransposon RNA is transcribed. This in turn causes an elevation in DNA damage, and a 
decrease in oocyte maturation ability. This elevation in retrotransposon activity with age in 5 
oocytes could have survived in evolution in order to serve as a selection mechanism to eliminate 
non-functional oocytes from the oocyte pool. A similar mechanism has been previously reported 
to occur during fetal oocyte attrition (Tharp et al., 2020) (Malki et al., 2014). We thus 
hypothesize that heterochromatin loss serves as an oocyte associated "epigenetic clock" in a 
similar way to processes which occur (at a later age) in other cell types and is exploited by the 10 
cell as an oocyte QC mechanism.     

 
Figure legends: 
Figure 1: 9 months old oocytes lose heterochromatin marks: (A-B) In situ staining of old and 
young GV mice oocytes, and staining intensity analysis, for constitutive heterochromatin 15 
markers (H3K9me2 and HP1γ) (C) In situ staining of old and young GV mice oocytes, and 
staining intensity analysis, for the facultative heterochromatin marker H3K27me3 (D) In situ 
staining of old and young GV mice oocytes, and staining intensity analysis, for the euchromatin 
marker H3K4me3  (E-F) staining of MI metaphase chromosomes (see Methods) of old and 
young oocytes chromosomes, for heterochromatin  markers (H3k9me2, H3k27me3), and staining 20 
intensity analysis.  
Figure 2: Old oocytes show elevated retrotransposon activation and DNA damage: (A) 
qRT-PCR measurement of  L1 retrotransposon  and IAP elements mRNA (see Methods) in 
young and old GV oocytes (B) In situ staining of L1- ORF1p and staining quantification in old 
and young GV mouse oocytes (C) In situ staining of Rad51 and quantification of nuclear 25 
localization in old and young GV mouse oocytes (D) In situ staining of γH2AX and 
quantification of number of nuclear foci in old and young GV mouse oocytes.  
Figure 3: Old oocytes show elevated retrotransposon RNA processing activity: (A) 
Percentage of over-expressed and under-expressed types of repeat small RNA in old oocytes (B) 
Types of small RNAs from repeats that are over-expressed or under-expressed in old oocytes 30 
note dominance of LTR and IAP in over-expressed repeat types. (C) In situ staining for dsRNA 
and staining quantification in old and young GV mouse oocytes. (D) In situ staining for Dicer 
and staining quantification in old and young GV mouse oocytes. Note the elevation in signal for 
dsRNA and Dicer in old oocytes. 
Figure 4: Human oocytes show a reduction of heterochromatin with age: (A) In situ staining 35 
of GV human oocytes (N=21) for H3K9me2. These oocytes show a reduction of signal intensity 
with age in a linear regression curve (p=0.03). (B) (A) In situ staining of GVBD human oocytes 
(N=28) for H3K9me2. These oocytes show a reduction of signal intensity with age in a linear 
regression curve (p=0.0008). 
Figure 5: Treatment of oocytes with Chaetocin mimics natural aging: (A) Maturation 40 
efficiency of young GV mouse oocytes treated with Chaetocin and matured in-vitro (see 
Methods) (B) In situ staining for L1ORF1p and staining quantification in young GV mouse 
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oocytes treated with Chaetocin.  (C) In situ staining for dsRNA and staining quantification in 
young GV mouse oocytes treated with Chaetocin.  
 
Figure S1:  9 months old oocytes lose heterochromatin marks (additional examples): (A) 
additional examples of in situ staining of old and young GV mice oocytes for constitutive 5 
heterochromatin marker H3K9me2. (B) additional examples of in situ staining of old and young 
GV mice oocytes for facultative heterochromatin marker H3K27me3. (C) additional examples of 
in situ staining of old and young GV mice oocytes for constitutive heterochromatin marker 
HP1γ. 

Figure S2: Comparison of heterochromatin staining in SN and NSN configured oocytes: 10 
(A) In situ staining of old and young GV mice oocytes for constitutive heterochromatin marker 
H3K9me2 in comparison between NSN and SN configuration of nuclei and staining 
quantification. (B) In situ staining of old and young GV mice oocytes for facultative 
heterochromatin marker H3K27me3 in comparison between NSN and SN configuration of nuclei 
and staining quantification. (C) In situ staining of old and young GV mice oocytes for 15 
constitutive heterochromatin marker HP1γ in comparison between NSN and SN configuration of 
nuclei and staining quantification.  
Figure S3:  9 months old oocytes do not lose euchromatin marks (additional examples): (A) 
In situ staining of old and young GV mice oocytes, and staining intensity analysis, for the 
euchromatin marker H3K27Ac (B) Additional examples of in situ staining of old and young GV 20 
mice oocytes, and staining intensity analysis, for the euchromatin marker H3K4me3. 

 
Figure S4: Heterochromatin loss with age in oocytes in a genome-wide phenomenon: The 
Ratio between intensely stained loci (A-marked with white circle) and mildly stained loci on the 
chromosomes was measured (B) and normalized to Hoechst intensity on the same loci. Young 25 
and old oocytes show the same ratios. These results show that although these is a significant 
decrease in heterochromatin signal with age, the ratio between heterochromatin enriched and 
non-enriched loci on the chromosome is maintained. This means that there is no difference in the 
amount of heterochromatin decrease along the chromosome. 

 30 

Figure S5: Old oocytes show elevated retrotransposon activation and DNA damage 
(additional examples): (A) In situ staining of L1- ORF1p in old and young GV mouse oocytes 
(B) In situ staining of Rad51 in old and young GV mouse oocytes (C) In situ staining of γH2Ax 
in old and young GV oocytes.  
 35 

Figure S6: Analysis of small RNA sequencing in young and old oocytes: (A) Distribution of 
RNA fragment sizes in old and young mice. (B) PCA analysis of small RNA sequencing in 
young and old oocytes. (C) List of the 10 repeat types that are most upregulated with lowest p 
values in old oocytes (D) List of the 10 repeat types that are most downregulated with lowest p 
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values in old oocytes. In red: LTRs, in green: IAP endogenous retroviruses (ERVs), in yellow: 
major satellite repeats, in purple: simple repeats 
 

Figure S7: Old oocytes show elevated retrotransposon RNA processing activity (more 
examples): (A) In situ staining for Dicer in old and young GV mouse oocytes. (B) In situ 5 
staining for dsRNA in old and young GV mouse oocytes. Note the elevation in signal for dsRNA 
and Dicer in old oocytes. 
 
Figure S8: Human oocytes show a reduction of heterochromatin with age: (A) More 
examples of in situ staining of GV human oocytes for H3K9me2. (B) More examples of in situ 10 
staining of GVBD human oocytes (C) In situ staining of GV human oocytes (N=21) for Rec8. 
These oocytes show a reduction of signal intensity with age in a linear regression curve (p=0.02). 
(D) In situ staining of GVBD human oocytes (N=47) for Rec8. These oocytes show a reduction 
of signal intensity with age in a linear regression curve (p=0.01). 

 15 

Figure S9: Treatment of oocytes with Chaetocin mimics natural aging: (A) chromosome 
spread MI staining for H3K9me2 in young GV mouse oocytes treated with Chaetocin, showing a 
reduction in H3K9me2 signal.  (B) more examples of in situ staining for dsRNA in young GV 
mouse oocytes treated with Chaetocin.  (C) More examples of in situ staining for L1ORF1p in 
young GV mouse oocytes treated with Chaetocin.  20 

 
Figure S10: Treatment of oocytes with TSA mimics natural aging: (A) Maturation efficiency 
of young GV mouse oocytes treated with TSA and matured in-vitro (see Methods) (B) In situ 
staining for H3K27Ac and staining quantification in young GV mouse oocytes treated with TSA 
showing an elevation in the signal upon treatment.  (C) In situ staining for H3K9me2 and 25 
staining quantification in young GV mouse oocytes treated with TSA showing a drop in the 
signal upon treatment. (D) In situ staining for L1ORF1p and staining quantification in young GV 
mouse oocytes treated with TSA showing an elevation in the nuclear signal upon treatment.  (E) 
In situ staining for dsRNA and staining quantification in young GV mouse oocytes treated with 
TSA showing an elevation in the signal upon treatment. (F) In situ staining for Rad51 and 30 
nuclear localization quantification in young GV mouse oocytes treated with TSA showing an 
elevation in nuclear localization upon treatment.     
 
Figure S11: Working model: Our work has shown that with age, oocytes' chromatin becomes 
less and less heterochromatic. The loss of silencing and compaction of heterochromatin results in 35 
the loss of transcriptional regulation, enabling the upregulation of retrotransposons. We suggest 
that the early stages of reproductive aging are the outcome of the gradual loss of repression. The 
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harmful activity of activated retrotransposons eventually leads to the loss of oocytes function, 
and a reduction in fertility.  
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Materials and Methods: 

 
Animals: RCC-C57BL/6JHsd female mice were used for the experiment. For the young group 
we used 7-10 weeks old mice, and for the old group we used 8-9 months old mice. The 
experiment was approved by the institutional ethics comity, approval number: MD-19-15938-3. 
All the mice were housed at the Hebrew University AAALAC-accredited and NIH-accredited 
SPF facility.   
 
Mouse Oocyte In-vitro maturation: After Euthanasia, ovaries were collected and dissected in L-
15 medium (011151A) supplemented with 200um IBMX (I7018) to prevent meiotic progression. 
GV oocytes were collected under a binocular using a Stripper (MD-MXL3-STR-CGR). After 
collection, oocytes were transferred into α-MEM medium (22561021) supplemented with IBMX 
covered with Mineral oil (M8410-1l) to prevent evaporation, for recovery time of 25 min at 37° 
in a 5% CO2 incubator, and then washed in IBMX free a MEM medium to initiate meiosis. The 
oocytes were incubated in α-MEM under oil in the incubator for 6 hours and then examined 
under a binocular for the presence of a polar body and stained by Hoechst to examine the first 
meiotic division, or incubated for 18 hours and stained by Hoechst to examine the entry into the 
second meiotic division metaphase. 
 
Mouse oocytes collection for in-situ immunofluorescence: After Euthanasia, ovaries were 
collected and dissected in M2 medium (M7167). GV oocytes were collected under a binocular 
using a Stripper and washed in hyaluronidase (H4272-30MG) to remove granulosa cells and 
acidic Tyrode's Solution (T1788) to remove the Zona Pellucida. The oocytes were fixed using 
PFA 4% (15710) for 20 min, and then quenched in PBS supplemented with 10mM glycine and 
1% BSA.  
 
Chromosome spreads and immunofluorescence: GV oocytes were collected from ovaries as 
above and matured to the first meiotic division or second meiosis metaphase as described above. 
Matured oocytes were washed in M2 medium and then in acidic Tyrode's Solution to remove the 
Zona Pellucida. 15 min before the desired time for chromosome spread, oocytes were kept in 
hypotonic solution, composed of FBS (F7524) diluted in water in 1:1 ratio. Oocytes were then 
spread in spreading solution (1% PFA buffered to 9.2 pH, supplemented with 0.15% Triton X-
100 and 0.03% DDT) on Superfrost plus slides (32090003).  
 
In situ immunofluorescence: Permeabilization was performed using 0.01% Triton X-100. Cells 
were cultured in PBS contains 5% BSA for blocking, and first and secondary antibodies were 
diluted in 0.1 Tween 20 (P9416)/PBS containing 5% BSA. The immune-stained cells were 
mounted in Vectashield (H-1000) mounting medium containing 80 nM of Hoechst (33342), and 
sealed on a slide using an Imaging spacer (GBL654002).  
 
Antibodies: For heterochromatin staining we used antibodies for H3K9me2 (ab1220, 
concentration of 1:400), H3K27me3 (ab205728, 1:100) HP1γ (ab227478,  1:50 ). For 
euchromatin markers we used antibodies for H3K27ac(8173s, 1:100) and H3K4me3(11960s, 
1:50). To track retroviral activity and transcription regulation loss we used antibodies for L1-
ORF1p (ab216324, 1:100), dsRNA (10020200, 1:500) and Dicer (ab167444, 1:200). Meiotic 
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Cohesin was stained with antibody against REC8 (ab192241 1:200), and DNA damage was 
assessed using antibody against RAD51(PC130, 1:200), and γH2Ax (0563625UG, 1:500).  
   
Imaging and quantification: Oocytes were imaged using either Ti-Eclipse Nikon system, with an 
Andor Zyla nsc05537 camera, or  Nikon Yokogawa W1 Spinning Disk, with SCMOS ZYLA 
camera Every cell was imaged at multiple planes. In order to analyze the images in a quantitative 
manner, a projection of maximum intensity was created. To measure staining intensity, every 
assessed region was normalized to an equal-size region in the background (outside the area of 
interest). The intensity score was generated by dividing the intensity in the area of interest by 
that of the background. To assess relative localization (for Rad51), the intensities at the different 
assessed regions were compared and the relative fraction of the signal in the nucleus was 
calculated. The relative area of the nucleus was also calculated and the fraction of the area was 
subtracted from the fraction of the signal (% nuclear signal/signal cell- % area-nucleus/area-cell).  
Hence, the score given is the access localization of Rad51 to the nucleus on top of what was 
expected by its fraction of the area.  

 
Small RNA sequencing: 
RNA extraction and amplification:46 oocytes from young and old females (for each replicate) 
were collected from ovaries as above and dissected in medium M2, and after the granulosa cells 
and the Zona Pellucida were removed (as mentioned above), the oocytes were inserted into 1 ml 
of TRIzol (15596026). RNA extraction was done according to the TRIzol reagent user guide, 
with extraction in 10 µl of nuclease-free water.  
Amplification was performed by the SMARTer® smRNA-Seq Kit for Illumina®-12 Rxns, 
TAKARA 635029. Size selection was performed using Agencourt AMPure XP Beads, by adding 
50ul of sample to 100ul of beads solution and eluting the DNA bound to the beads. Sequencing 
was performed at the Ein-Kerem campus interdepartmental equipment park on a NextSeq 
machine.  
 
Trimming and filtering of raw reads: The NextSeq base-calls files were converted to fastq files 
using the bcl2fastq program with default parameters (without trimming or filtering applied at this 
stage). Raw reads (fastq files) were inspected for quality issues with FastQC. Following that, and 
according to the SMARTer smRNA-Seq library construction protocol, the first 3 bases of R1 
reads were discarded (positions for template switching), the reads were quality-trimmed at both 
ends, poly-G sequences (NextSeq’s no signal), adapter sequences, and poly-A sequences were 
removed from the 3' end, and finally low quality reads were filtered out. Cutadapt was used for 
trimming sequences from the end of reads, with parameters that included using a minimal 
overlap of 1, allowing for read wildcards, and filtering out reads that became shorter than 15 nt. 
Final filtering by quality was performed using the fastq_quality_filter program of the FASTX 
package, with a quality threshold of 20 at 90 percent or more of the read's positions. 
 
Alignment and counting: The processed reads were aligned to the mouse transcriptome and 
genome with TopHat. The genome version was GRCm38, with annotations from Ensembl 
release 99. The Ensembl genome and gene annotations were supplemented with information for 
rRNA (adding the 45S pre-rRNA to the genome sequence and annotations), tRNAs (annotations 
from tRNAscan predictions), and repeat sequences (annotations from the UCSC Genome 
Browser 'rmsk' table). Since some of the external information overlapped existing annotations 
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from the Ensembl original GTF file, those overlapping annotations were discarded. In order to 
define overlapping annotations, both the start and end positions had to be within 40 bases 
distance from each other (comparing start position in one source to start position in the other 
source, and likewise for the end positions). Parameters for the alignment were generally standard 
except for using -g 1000 in order to allow for all possible alignments of repeat sequences. 
Quantification was done with htseq-count. Strand information was set to 'yes', and each primary 
alignment was counted. The annotations file had all 5S rRNA genomic locations treated as one 
gene, had tRNAs counted according to the tRNA type, and repeats counted by their name.  
 
Differential expression: Normalization and differential expression analysis were done with the 
DESeq2 package. Genes with a sum of counts less than 10 over all samples were filtered out, 
then size factors and dispersion were calculated. Normalized counts were used for several quality 
control assays, such as counts distributions and principal component analysis, which were 
calculated and visualized in R. There was a clear batch-effect hence batch-correction was 
applied. The pair-wise comparison, comparing old to young oocytes, was tested with default 
parameters, except not using the independent filtering algorithm. In order to find candidate genes 
for a significant expression difference between young and old oocytes, a baseMean-dependent 
formula over the log2FoldChange was applied. The formula required a baseMean above 5 and an 
absolute log2FoldChange bigger than 5/sqrt(baseMean) + 0.6. In addition, the lfcSE had to be 
low enough, below 1, so signal is repetitive across the biological repeats. Results are detailed in 
Table S1. We used the calculated p value to filter the best candidate repeat types. Raw data 
submitted to GEO under accession GSE159789. 

 
qRT-PCR: After Euthanasia, ovaries were collected and dissected in M2 medium (M7167) as 
above. 40 to 60 (number was matched between groups in every experiment) GV oocytes were 
collected and washed in hyaluronidase (H4272-30MG) to remove granulosa cells, and then 
washed extensively in M2 until there all the granulosa cells were removed from the oocytes. 
Oocytes were transferred to a Trizol (15596026) and Chloroform solution for RNA precipitation, 
treated with RNAse free DNAse (E0013-1D3) to remove DNA and then RNA was purified by 
using Ampure beads (A63881). Reverse transcription was performed using iScript™ Reverse 
Transcription Supermix for RT-qPCR (1708891) according to the manufacturer’s 
recommendations. iTaq™ Universal SYBR® Green Supermix (1725124) was used for 
amplification reactions. Quantitive PCR  measurements were taken using a CFX96 C1000 
BioRad machine.  

 
Drug treatments: Ovaries were collected and dissected in  L-15 medium supplemented with 
200um IBMX to prevent meiotic progression as described above. GV oocytes were collected 
using a Stripper as described above. After collection, oocytes were transferred to α-MEM 
medium  supplemented with IBMX + the desired drug covered with Mineral oil to prevent 
evaporation, for  4 hours at 37°in a 5% CO2 incubator (Since Chaetocin and IBMX have a cross 
reactivity with each other, the pause was not performed in the Chaetocin experiments). After the 
pause oocytes were washed in IBMX-free α-MEM that contains the drug to initiate meiosis. 18.5 
hours after oocytes were released from IBMX, oocytes were fixed in PFA, permeabilized, and 
sealed as described above. Drugs in use were: Trichostatin A (TSA) T1952, Chaetocin (sc-
200893).  
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Human oocytes: Human GV oocytes that were retrieved during IVF treatment were incubated for 
24h before determination that they remained at this state and did not mature. After informed 
consent was signed (following IRB approval 0020-16-SZMC) oocytes were treated by piercing 
of the Zona Pellucida by the embryologists in order to increase permeability. The oocytes were 
then fixed in 4% PFA the day after retrieval, for 20min at room temperature and then quenched 
in PBS supplemented with 10mM glycine and 1% BSA. Immunofluorescence was performed as 
described above.  
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