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Mammalian centromeres are generally composed of dispersed repeats and the satellites such as α-satellites in human and major/minor satellites in mouse. Transcription of centromeres by RNA polymerase II is evolutionary conserved and critical for kinetochore assembly. In addition, it has been found that the transcribed satellite RNAs can bind DNA repair proteins such as MRE11 and PRKDC, and excessively expressed satellite RNAs could induce genome instability and facilitate tumorigenesis. During the maturation of female oocyte, centromeres are critical for accurate segregation of homologous chromosomes and sister chromatids. However, the dynamics of oocyte centromere transcription and whether it associated with DNA repair proteins are unknown. In this study, we found the transcription of centromeres is active in growing oocytes but it is silenced when oocytes are fully grown. DNA repair proteins like Mlh1, Mre11 and Prkdc are found associated with the minor satellites and this association can be interfered by RNA polymerase II inhibitor α-amanitin. When the growing oocyte is in vitro matured, Mlh1/Mre11/Prkdc foci would release from centromeres to the ooplasm. If the oocytes are treated with Mre11 inhibitor Mirin, the meiosis resumption of growing oocytes with Mre11 foci can be suppressed. These data revealed the dynamic of centromeric transcription in oocytes and its potential association with DNA repair proteins, which provide clues about how oocytes maintain centromere stability and assemble kinetochores.
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INTRODUCTION
Among species from yeast to human, centromeres play critical roles in both mitotic and meiotic chromosome segregation, however, the DNA sequences constituting centromeres are extremely diverse (Muller et al., 2019). For animals and plants, centromeres and peri-centromeres are generally composed by the species specific tandem head-to-tail arrays of repeats, termed satellites, and the dispersed elements (Plohl et al., 2014). In human, centromeric satellite DNA are composed of the alpha-satellites (hSATa), whereas mouse satellite DNA are composed of major and minor satellites (majSAT and minSAT) (Muller et al., 2019). These core centromeres composed of satellites are organized in nucleosomes by centromere specific histone CENP-A and H3. CENP-A can bind with inner kinetochore proteins such as CENP-C throughout the cell cycle. When cell is going to enter mitosis, inner kinetochore proteins will further recruit proteins to construct the outer kinetochore by which centromeres can be linked with micro-tubulins (Navarro and Cheeseman, 2021). Unlike the non-centromeric satellites or the silenced centromeres on chromosome arms, satellites in active centromeres are transcription active (Talbert and Henikoff, 2018). The transcription of centromeric satellites is mediated by RNA polymerase II (RNAPII) and critical for the assembly of kinetochores for correct chromosome segregation (Talbert and Henikoff, 2018). It has been reported that both transcription inhibition of centromere satellites and knockdown of centromeric RNAs will reduce the incorporation of CENP-A in centromeres (Chueh et al., 2009; Bergmann et al., 2011). In addition, over-expression of human hSATa or mouse majSAT in cells could induce genome instability by impairing DNA replication (Zhu et al., 2018). These results suggested that uncontrollable centromeric transcription might not only harm kinetochore assembly but also induce genome instability, although the detailed biological functions of centromeric transcription and the centromeric transcripts remain poorly understood.
Excessive expression of centromeric satellites are common in cells of human and mouse cancers such as breast cancers and pancreatic ductal adenocarcinomas (Ting et al., 2011; Zhu et al., 2018). Overexpressed satellite RNAs can bind with a plenty of proteins associated with DNA replication and repair (Zhu et al., 2011; Zhu et al., 2018). In these satellite RNA-binding proteins, MRE11 complexed with RAD50 and NBS1 initiates the homologous recombination repair of DNA double-strand breaks (DSBs) by end resection (Zhao et al., 2020), and PRKDC is critical for the non-homologous end joining repair of DSBs (Chen et al., 2021). In addition to centromeric RNAs, centromere itself also recruits proteins that repair the mismatches in DNA, such as Mlh1, Mlh3 and Pms2 (Kolas et al., 2005). All these results indicate DNA repair proteins are involved in the transactions of centromeres.
For females, their oocytes are differentiated from primordial germ cells at the middle fetus stages. Then oocytes initiate meiosis and finish meiotic homologous recombination asynchronously at the fetal stage, and arrest in the diplotene (or termed as dictyate) state and reside in the ovarian primordial follicles at the peri-birth stage (Pepling, 2006). The arrest state of oocytes may take a time as long as tens of years until they are activated for growth when the hormone environments of ovarian follicles are changed (McGee and Hsueh, 2000). The oocytes grow parallel to the development of follicles. In preantral follicles and small-antral follicles, oocytes are transcription active, and there is no Hoechst positive ring-like structure surrounded the nucleolus (NSN). When follicles develop to the late large-antral stage, the oocytes are fully grown and their transcription are globally silenced. Then there is a Hoechst positive ring-like structure surrounded the nucleolus (SN) (Tan et al., 2009). When oocytes are fully grown, they can resume meiosis (Pan and Li, 2019), extrude first polar bodies, be ovulated and fertilized by sperm (Robker et al., 2018). It has been reported that centromeric RNAs play important functions in oocyte meiosis maturation. When minSAT RNAs in oocytes were degraded, DSB marker γH2A.X will form foci at centromeres, and the interaction between kinetochore and micro-tubulin would be impaired (Wu et al., 2021). Subsequently, the maturation time and maturation rate of minSAT RNA depleted oocytes would be extended and decreased respectively (Wu et al., 2021). Although satellite RNAs play important roles during oocyte maturation, when oocyte centromeres are transcribed and which proteins are associated with the centromeric transcription are still not known.
Transcription and DNA damage in centromeres might not only affect kinetochore assembly but also induce instability of centromeres which would further result in intra-centromeric rearrangements (Wang et al., 2009; Racca et al., 2021). In this study, the transcription time of centromeres in oocytes was analyzed. DSB repair protein Mre11 and Prkdc, and mismatch repair protein Mlh1 were found localized at the transcribing centromeres. These results linked centromere transcription with DNA repair proteins, which might extend our knowledge about how oocytes assemble kinetochores and maintain centromere stability.
MATERIALS AND METHODS
Mouse oocytes collection and culture
All animal manipulations in this study were permitted by the Ethics Committee of Guangdong Second Provincial General Hospital. The oocytes used in this study were isolated from 6 to 10-week-old female mice (Zhiyuan company, ICR strain). To isolate the NSN, NSN-SN (intermediate stage between NSN and SN) and SN oocytes from antral follicles, mouse ovaries were processed firstly by blade chopping. Then the ovarian tissue fragments were dispersed by M2 medium (Sigma-Aldrich, M7167) with 2.5 μM Milrinone (MCE, HY-14252). The denuded oocytes were picked out with mouth pipette. To isolate the NSN oocytes from preantral and small-antral follicles, these follicles were picked out from the chopped ovarian fragments and treated with Trypsin-EDTA Solution (Solarbio, T1300) at 37°C for 30 min. Then the growing follicular NSN oocytes were isolated through blow-suction disturbance of the follicles by mouth pipette. To in vitro maturate the germinal vesicle (GV) stage oocytes, which contains NSN and SN oocytes in the late antral follicles, these oocytes were released from Milrinone by three washes in M2 medium and cultured in M2 medium in incubator (37°C, 5% CO2) for specific length of time.
Immunofluorescence labeling
To label the proteins with antibodies, oocytes were firstly fixed with 4% paraformaldehyde (Sangon, E672002) at room temperature (RT) for 25 min. Then the oocyte membrane was penetrated in PBS with 0.1% Triton X-100 at RT for 25 min. Then the penetrated oocytes were treated with Quick Antigen Retrieval Solution (Beyotime, P0090) at RT for 30 min and washed with PBST (PBS with 1% Tween-20) twice, blocked by 1% BSA at RT for 1 h and incubated with primary antibodies at 4°C overnight. After washing and labelling of fluorescent molecule coupled secondary antibody, the oocytes were stained with Hoechst 33342 and mounted on slides. The antibodies used in this study were: anti-γH2A.X (Bioworlde, BS4760), anti-Mlh1 (Clone ID: 2B3-H6-C11, Zen-bio, 200956), anti-Mre11 (Sangon, D122698), anti-Prkdc (Sangon, D261628). To label the centromeres with anti-centromere protein antibody (ACA, antibodiesinc, 15–234), oocytes were not treated with Antigen Retrieval Solution. When oocytes were needed to be labelled by both ACA and other antibodies, oocytes are firstly labeled with ACA, then oocytes were refixed again. Then the oocytes were antigen-retrieved and labeled with the other antibodies as described above.
The immunofluorescence labeling results were observed by Andro dragonfly live cell work station. The nucleus or the whole oocytes were scanned by the Z-scan methods. The distance between each two layers was 1 μm. Raw image files and 3D object volumes were analyzed by Fiji software (Schindelin et al., 2012), and the single layers of the Z-scan images were displayed in this study.
Chemical drug treatment
To inhibit the Mre11 activity, 100 μM Mirin (MCE, HY-117693) was used to treat the oocytes. GV oocytes were firstly blocked in Milrinone and treated with Mirin for 12 h and then released from Milrinone for in vitro maturation (IVM). The GV broken down (GVBD) rates of oocytes [N (GVBD oocytes)/N (total oocytes)] were recorded from IVM time 1 h–4 h, and the polar body extrusion (PBE) rates [N(PBE oocytes)/N (total oocytes)] were recorded from IVM 10 h–14 h. 60 μg/mL of α-amanitin (MCE, HY-19610) was used to inhibit the transcription activity of RNAPII in NSN oocytes. Oocytes were treated with 1 μM of Bleomycin (Selleck, S1214) for 1 h to induce nuclear DSBs. Medium with DMSO (0.5% v/v, MCE, HY-Y0320) was used as control for the chemical drug treatment.
5-EU click reaction
The click reaction of 5-EU was performed according to the instruction of BeyoClick EdU-647 kit (Beyotime, C0081S) with 5-EU (Click Chemistry Tools, 1261-10) but not the 5-ethynyl-2' -deoxyuridine. In detail, 0.5 mM 5-EU was used to treat the NSN oocytes for 3 h. Then oocytes were picked out for fixation and click reaction. If the transcription of oocytes needs to be inhibited, oocytes were treated with α-amanitin or DMSO for 3 h and then 0.5 mM 5-EU was added for another 3 h. Then oocytes were picked out for click reaction.
Statistics
In this study, the R (https://www.r-project.org/) functions for t-test and Fisher exact test were used to examine the significance of differences between sample means or oocyte rates and proportions. p values less than 0.01 were marked by **; p values less than 0.05 were marked by *; and p values larger than 0.05 were marked by ns.
RESULTS
Transcription of centromeres in mouse oocytes
To analyze whether the centromeres in oocytes are transcribed, mouse oocytes at different growing stages (NSN oocytes from preantral and small-antral follicles and SN oocytes from late-antral follicles) were isolated and the new synthesized RNAs were labeled with fluorescent molecules by 5-EU click reaction. As a result, we found the transcription of centromeres was highly active in growing oocytes but it was silenced in the fully grown oocytes (Figure 1A). These centromere associated RNA signals are either overlapped or distributed beside the centromeres marked by ACA antibody (Supplementary Figure S1A), which specifically recognizes the minor satellites in mouse cells (Vig et al., 1994; Guenatri et al., 2004). When oocytes were treated with the RNAPII elongating inhibitor α-amanitin, the chromatin in growing oocytes was condensed and transcription in the non-nucleolus region was inhibited, and the 5-EU labelled centromere associated RNAs were disappeared (Figure 1B).
[image: Figure 1]FIGURE 1 | Dynamics of centromeric transcription in mouse oocytes. (A) Centromeres are transcribed in growing oocytes but not in fully grown oocytes. Oocytes isolated from preantral follicles and small-antral follicles are growing oocytes. SN oocytes are fully grown oocytes. New synthesized RNAs are marked by 5-EU (magenta). Minor centromeres are labeled by ACA antibodies (green). (B) Centromeric transcription in oocytes can be inhibited by α-amanitin. DNA are stained by Hoechst (Blue). Centromeric RNAs are indicated by green arrow. Minor satellite is indicated by blue arrow. Major satellite is indicated by white arrow. Black scale bars, 50 μm; white scale bars 10 μm.
Mre11, prkdc and Mlh1 locate on centromeres of the growing oocytes
It has been reported that human alpha-satellite RNAs can bind with key DBS repair proteins such as MRE11 and PRKDC (Zhu et al., 2018) and centromeres can bind with mismatch repair protein Mlh1 (Kolas et al., 2005). To analyze whether the centromeric transcripts in mouse oocytes are associated with DNA repair proteins, we analyzed the localization of Mre11, Prkdc, Mlh1 and the DNA DSB marker γH2A.X in the growing oocytes. As a result, we found γH2A.X foci were either not colocalized with ACA foci or not fully overlapped with ACA foci (Figure 2A), similar with our previous report (Ma et al., 2019). In contrast with γH2A.X, the Mlh1 proteins were found forming foci and localizing at the minor satellite regions marked by ACA (Figure 2B). These Mlh1 protein foci were also associated with the newly synthesized centromere associated RNAs (Figure 2C). Mre11 and Prkdc were also colocalized with ACA (Supplementary Figure S2) but not γH2A.X foci (Figure 2D). And when the transcription of oocytes was inhibited by α-amanitin, the Mlh1 foci did not disappear, however, they are unloaded from the centromeres (Figure 2E and Supplementary Figure S1B).
[image: Figure 2]FIGURE 2 | DNA repair proteins associated with centromeres in oocytes. (A) Minor centromeres (ACA) are not colocalized or fully overlapped with the DNA double-strand break marker γH2A.X foci. (B) Mlh1 (cyan arrows) colocalized with minor satellites (marked by ACA) whereas minor satellites (grey arrows) are not all colocalized with Mlh1, especially in SN oocytes (grey arrows). (C) Mlh1 foci in growing oocytes are associated with the centromeric RNAs. (D) Mlh1 foci colocalized with Mre11 and Prkdc, but not with γH2A.X foci in growing oocytes. (E) α-amanitin treatment induces the separation of Mlh1 foci from centromeres. Minor satellites, blue arrows; Mlh1, cyan arrows; centromeric RNAs, green arrow; Mre11 focus, yellow arrow; Prkdc focus, magenta arrow; released Mlh1 focus, red arrow; scale bars, 10 μm. DNA are stained by Hoechst (Blue).
When mouse oocytes developed to the fully grown stage (or SN stage), the transcription was globally silenced (Tan et al., 2009) and the centromeric transcription could not be detected by 5-EU click reaction (Figure 1A). Correspondingly, foci of Mlh1, Mre11 and Prkdc were also disappeared or unloaded from chromatin. In the oocytes which were at the development stage between NSN and SN, termed NSN-SN stage, we found Mlh1 foci can still be detected but Mre11 and Prkdc focus could not be observed (Figures 3A,B), indicating that different DNA repair proteins might have different affinities with centromeres. During the growth of NSN oocytes from preantral follicles to small-antral follicles, the foci numbers of Mlh1 were increased (p = 0.015 by t-test). But during the oocytes developed from NSN-SN stage to SN stage, we found Mlh1 foci numbers were significantly decreased to zero (8/10 oocytes, p = 3.518e-05 by t-test) (Figure 3C). And only in the NSN-SN stage, Mlh1 foci can be found at the perinucleolus regions (indicated by white arrow in Figure 3A and the numbers were showed in Figure 3C).
[image: Figure 3]FIGURE 3 | The dynamics of DNA repair proteins in oocytes. Both Mre11 and Prkdc formed focus cannot be detected in the NSN-SN or SN oocytes, but Mlh1 foci can be detected in NSN-SN oocytes and some SN oocytes (A and B). (C) The statistics of Mlh1 focus number in growing and fully grown oocytes. In NSN-SN oocytes, Mlh1 foci can migrate to the peri-nucleolus regions (white arrow). Mre11 focus, yellow arrow; Prkdc focus, magenta arrow; Mlh1 foci, cyan arrows; scale bars, 10 μm; *, 0.01 < p < 0.05; **, p < 0.01; ns, non-significant. DNA are stained by Hoechst (Blue).
Meiosis resumption of NSN oocytes releases Mlh1/Mre11/prkdc foci to ooplasm
Among the technologies of assisted reproduction in animals and human, IVM of oocytes is frequently used for getting matured oocytes through in vitro culturing of the germinal vesicle stage oocytes (Hatirnaz et al., 2018; De Vos et al., 2021). During the IVM of oocytes, both growing and fully grown oocytes can undergo GVBD, develop to MII stage, and be fertilized. But the maturation rates and embryo developmental competence of the growing oocytes are lower than that of the fully grown oocytes (Bellone et al., 2009). In addition, the GVBD time of the growing oocytes is longer than that of the fully grown oocytes (Belli et al., 2014). To analyze the dynamics of the minor satellite-localized DNA repair protein foci during IVM, we obtained the GVBD oocytes at different IVM times (60–75 min, 75–90 min, 90–105 min and 105–120 min). As a result, the Mlh1 foci were found in the ooplasms of GVBD oocytes. And the Mlh1 foci were mainly found in the GVBD delayed oocytes (GVBD at 75–120 min, 50/55), which correspond to the growing NSN oocytes, but rarely be found in the earlier GVBD oocytes, which correspond to the fully grown oocytes (GVBD at 60–75 min, 7/26, p = 1.027e-08 by Fisher’s exact test) (Figure 4A). In the Mlh1 positive GVBD oocytes, these Mlh1 foci were found be released from the condensed chromosomes (Figure 4B). In addition, Mre11 and Prkdc foci, like Mlh1 foci, were also found in the ooplsm of oocytes which spent longer time for GVBD and all these protein foci were not colocalized with the γH2A.X foci (Figure 4C).
[image: Figure 4]FIGURE 4 | Meiosis resumption of growing oocytes released DNA repair protein foci to ooplasm. (A) Mlh1 focus number in the oocytes which have GVBD at different IVM time. GVBD, germinal vesicle breakdown; IVM, in vitro maturation. (B) The foci formed by DNA repair proteins are released to the ooplasm in the meiosis resumed oocytes (indicated by magenta dashed circle). (C) The released DNA repair protein foci are not colocalized with γH2A.X foci in the GVBD oocytes. Mre11 foci, yellow arrows; Prkdc foci, magenta arrows; Mlh1 foci, cyan arrows; γH2A.X foci, white arrows; scale bars, 10 μm. DNA are stained by Hoechst (Blue).
Mre11 inhibition blocks the GVBD of growing oocytes
In these centromeric localized proteins, Mre11 is a nuclease acting on various DNA substrates like DSB ends, overhangs, flaps, branches, and non-B-DNA structures like hairpins and ring structures (D'Amours and Jackson, 2002). In addition, the Mre11/Rad50/Nbs1 complex is the sensor of DSBs and can recruit DNA damage transductors like ATM to regulate cell cycle (Lavin, 2007). In activated B lymphocyte, it has been reported that non–B-DNA structures like cruciforms and hairpins can form at the minor satellites (Kasinathan and Henikoff, 2018), which might be potential substrates of Mre11. It has been reported that the Mre11 inhibitor Mirin can suppress DSB repair and decrease maturation rate of oocytes (Mayer et al., 2016). However, whether Mirin affects Mre11 localization and which oocytes are affected by Mirin during their maturation are still unknown. When oocytes were treated with Mirin and blocked in Milrinone for 12 h, we found the localization of both Mre11 and Mlh1 had not been changed (Supplementary Figure S3A). When oocytes were treated with Bleomycin to induce DSBs and released from Bleomycin for 6 h, the volume of DSB marker γH2A.X were significantly larger in Mirin treated oocytes than that in DMSO treated control oocytes (Supplementary Figure S3B). For the oocytes which were only treated with Mirin, as reported previously (Mayer et al., 2016), after releasing from Milrinone, both GVBD time and PBE time of these oocytes were delayed (Figure 5A). In the control oocytes which had developed to MII stage, Mre11 foci and Mlh1 foci could still be detected. However, in the PBE oocytes treated with Mirin, the proportion of oocytes with Mlh1 and Mre11 overlapped foci were much less (1/23 for Mirin treated oocytes vs 14/32 for control oocytes, p = 0.001572 by Fisher’s exact test) (Figures 5B,C). For the oocytes with Mlh1 and Mre11 double positive foci, 73.9% of control oocytes (17/23) had GVBD whereas only 27.8% of Mirin treated oocytes (5/18) had GVBD (p = 0.00487 by Fisher’s exact test) (Figure 5D), indicating that Mirin suppressed the GVBD of NSN oocytes with Mre11 foci.
[image: Figure 5]FIGURE 5 | Mirin suppresses the meiosis resumption of growing oocytes. (A) Oocytes were treated with Mirin for 12 h in Milrinone, and then released from Milrinone for in vitro maturation. GVBD and PBE of oocytes are suppressed by Mirin. (B) Mlh1 and Mre11 foci can be detected in the MII (metaphase of the second meiosis) oocytes. (C) Compared with control (DMSO) group, the Mre11 and Mlh1 focus positive PBE oocytes are decreased in the Mirin treated group. (D) For the Mre11 and Mlh1 positive oocytes, more Mirin treated oocytes are meiosis-blocked. Mre11 focus, yellow arrow; Mlh1, cyan arrow; *, 0.01 < p < 0.05; **, p < 0.01; scale bars, 10 μm. DNA are stained by Hoechst (Blue).
DISCUSSION
Centromeric transcription is not only essential for kinetochore assembly but also associated with genome stability. In this study, we found the transcription of centromeres in mouse growing oocytes and its relationships with DNA repair proteins. These results indicate that there might be links between centromere transcription and DNA repair. Regional centromeres are generally composed of kilobases to megabases of repeats like satellites and dispersed elements. These repeats contribute to the complex 3-D organization of centromeres (Navarro and Cheeseman, 2021). Under the supercoiling stress of transcription (Ma and Wang, 2016), centromeres may produce different types of DNA structures (Kasinathan and Henikoff, 2018) as well as mismatches between repeats. In the centromere associated proteins, both Mre11 and Prkdc can take functions on specific DNA structures (D'Amours and Jackson, 2002; Fan et al., 2022) and Mlh1 is a key player for mismatch repair. The loading of these DNA repair proteins to centromeres might be beneficial for the maintenance of centromere stability.
When meiosis was resumed in the NSN oocytes, the Mlh1/Mre11/Prkdc foci on centromeres were released into the cytoplasm. This result indicates that these DNA repair foci may not bind with centromere DNA, and can be released when the oocyte is going to pro-metaphase. Evidences had proven that Mre11 can interact with RNAPII directly or mediated by PIH1D1 (Michelini et al., 2017; von Morgen et al., 2017; Sharma et al., 2021). And Prkdc can also interact and phosphorylate the RNAPII (Dvir et al., 1992; Maldonado et al., 1996). There is no evidence about the interaction between Mlh1 and RNAPII, but Mlh1 can bind with Mre11 (Her et al., 2002; Mirzoeva et al., 2006). The above evidences and findings indicated that the centromere loading of Mre11/Mlh1/Prkdc proteins might be mediated by the transcription machinery. However, whether the centromere localization of these DNA repair proteins directly or indirectly depends on centromeric transcription is still an open question.
In addition, in our results we found these Mre11 and Mlh1 foci released from chromatin can be preserved at least at the MII oocyte stage. This evidence indicates the proteins on these foci might be insoluble and lack DNA repair functions. In addition, these proteins could only be observed by immunofluorescence labeling when the oocytes were treated with antigen retrieval reagents which contain the protein denaturant sodium dodecyl sulfate, indicating that the 3D structures of these centromere associated proteins might be abnormal.
It has been reported that Mre11 can promote the DSB repair in oocytes (Mayer et al., 2016). In the last result of this study, we found the Mre11 inhibitor Mirin could block the meiosis resumption of NSN oocytes but it did not impair the centromere localization of Mre11. Whether Mirin could block the biological functions of these centromeric Mre11 is not known. Nevertheless, the recruitment of DNA repair proteins at centromeres would sequestrate these DNA repair proteins (Zhu et al., 2018) and may impact the DNA damage response in oocytes.
Last but not least, in this study, the sequences of the newly synthesized centromere associated RNAs in the growing oocytes had not been identified. There is a possibility that these RNAs are not transcribed from centromeres, but from chromosome arms and migrate to the centromere region.
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