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Mitotic memories of gene activity

When cells enter mitosis, they undergo series of dramatic changes in their structure and function that severely hamper gene regulatory processes and gene transcription. This raises the question of how daughter cells efficiently recapitulate the gene expression profile of their mother such that cell identity can be preserved. Here, we review recent evidence supporting the view that distinct chromatin-associated mechanisms of gene regulatory inheritance assist daughter cells in the postmitotic reestablishment of gene activity with increased fidelity.

Introduction

Mitosis entails profound structural and functional cellular changes leading to major consequences for gene regulation [START_REF] Ma | How the cell cycle impacts chromatin architecture and influences cell fate[END_REF]. On the one hand, the modifications to which chromatin is subject (e.g. hyperphosphorylation, condensation, topological rearrangements) drastically change the operational template of gene regulators such as Transcription Factors (TFs). On the other, the nuclear envelop breakdown leads to a sudden increase in the volume that gene regulators need to explore to maintain their chromatin-associated functions. Together, these changes converge on reduced gene regulatory capacity and a severe transcriptional downregulation. Hence, as daughter cells emerge and reconstitute a functional nucleus [START_REF] De Castro | Resetting a functional G1 nucleus after mitosis[END_REF], numerous gene regulatory processes need to be restored to faithfully recapitulate the gene expression profile of the mother cell. However, cells dispose of mechanisms to "remember" gene regulatory states during mitosis, thereby reproducing gene activity more efficiently and accurately than if it would be de novo re-established after mitosis. While several mechanisms are certainly at play, we will focus here on two types involving chromatin-associated gene regulation. The first one can be considered as an active memory process, a short-term and fast mechanism whereby certain trans-regulators, particularly sequence-specific TFs, remain capable of interacting with the chromatin, either at specific regulatory elements and referred to as "mitotic bookmarking factors", or non-specifically [START_REF] Festuccia | The Epigenetic Paradox of Pluripotent ES Cells[END_REF]. The second one encompasses a variety of more stable chromatin characteristics, notably histone modifications and histone variants, which remain enriched at specific regulatory elements during mitosis, acting as "epigenetic marks" [START_REF] Wang | Histone modifications and mitosis: countermarks, landmarks, and bookmarks[END_REF]. While the former can be associated with concepts such as working memory in neurosciences or live memory in computer sciences, the latter is analogical to long-term memory or storage, a concept that has been extensively studied for repressive mechanisms and only recently for gene activity, the focus of this review.

Mitosis, a challenge for TF activity?

During the phosphorylation cascade triggering entry into mitosis [START_REF] Salaun | Cdk1, Plks, Auroras, and Neks: The Mitotic Bodyguards[END_REF], several gene regulators are directly targeted. Among them, C2H2 zinc-finger TFs (e.g. Sp1 and Yy1) are prevalent targets [START_REF] Rizkallah | Global mitotic phosphorylation of C2H2 zinc finger protein linker peptides[END_REF] but other TFs such as Oct4, a homeodomain TF of the POU family, or Sox2, an HMG-group TF, are also phosphorylated [START_REF] Shin | Aurkb/PP1-mediated resetting of Oct4 during the cell cycle determines the identity of embryonic stem cells[END_REF][START_REF] Qi | Mitotic phosphorylation of SOX2 mediated by Aurora kinase A is critical for the stem-cell like cell maintenance in PA-1 cells[END_REF]. These phosphorylation events inhibit their sequence-specific DNA binding activity, leading to the eviction of these phosphorylated TFs from mitotic chromosomes. However, mitotic retention of TFs has been increasingly reported using proteomic strategies of mitotic chromosomes [START_REF] Ohta | The protein composition of mitotic chromosomes determined using multiclassifier combinatorial proteomics[END_REF][START_REF] Djeghloul | Identifying proteins bound to native mitotic ESC chromosomes reveals chromatin repressors are important for compaction[END_REF][START_REF] Ginno | Cell cycle-resolved chromatin proteomics reveals the extent of mitotic preservation of the genomic regulatory landscape[END_REF]. All these studies, highly variable in cell types and methodologies, show a clear enrichment for TFs, histone modifiers and chromatin remodelers. More specifically, TFs have been screened by live imaging for their capacity to remain associated to mitotic chromosomes [START_REF] Raccaud | Mitotic chromosome binding predicts transcription factor properties in interphase[END_REF], revealing a large number that are not fully evicted. These observations raise the possibility that mitosis may not represent a particular challenge for preserving gene regulatory processes. Adding to 3/12 this notion, several maps of chromatin accessibility -often used as a proxy for TF activity -have now revealed that mitotic chromatin is not as condensed as previously thought, at least locally at promoters and enhancers [START_REF] Coux | Chromatin accessibility and transcription factor binding through the perspective of mitosis[END_REF][START_REF] Hsiung | Genome accessibility is widely preserved and locally modulated during mitosis[END_REF][START_REF] Teves | A stable mode of bookmarking by TBP recruits RNA polymerase II to mitotic chromosomes[END_REF][START_REF] Festuccia | Transcription factor activity and nucleosome organization in mitosis[END_REF][START_REF] Blythe | Establishment and maintenance of heritable chromatin structure during early Drosophila embryogenesis[END_REF]. However, careful examination of individual cases has led to richer and more complex scenarios, where it seems important to distinguish a global coating of the chromosomes by gene regulators from their proper site-specific interaction with regulatory elements [START_REF] Festuccia | Mitotic bookmarking in development and stem cells[END_REF]. For instance, several TFs have been shown to engage in site-specific interactions with the chromatin: the hematopoietic transcription factor GATA1 [START_REF] Kadauke | Tissue-Specific Mitotic Bookmarking by Hematopoietic Transcription Factor GATA1[END_REF], the pioneer factor FoxA1 [START_REF] Caravaca | Bookmarking by specific and nonspecific binding of FoxA1 pioneer factor to mitotic chromosomes[END_REF], the pluripotency TFs Esrrb [START_REF] Festuccia | Mitotic binding of Esrrb marks key regulatory regions of the pluripotency network[END_REF] and Klf4 [START_REF] Liu | Widespread Mitotic Bookmarking by Histone Marks and Transcription Factors in Pluripotent Stem Cells[END_REF], as well as the architectural TF CTCF [START_REF] Owens | CTCF confers local nucleosome resiliency after DNA replication and during mitosis[END_REF] and the general TF TBP [START_REF] Teves | A stable mode of bookmarking by TBP recruits RNA polymerase II to mitotic chromosomes[END_REF]. Others, such as Sox2 and Oct4, can globally interact in varying degrees with the chromosomes but not necessarily with their cognate DNA motifs [START_REF] Festuccia | Transcription factor activity and nucleosome organization in mitosis[END_REF].

Mitotic bookmarking factors

Despite the large differences in structure and biochemical properties among canonical mitotic bookmarking factors (Figure 1), several characteristics are shared by the aforementioned examples.

For instance, during mitosis, these TFs bind some, although not all, of the targets they normally bind to during interphase. These sites tend to be enriched in DNA binding motifs of particularly high quality, indicating that mitotic bookmarking is primarily driven by sequence-specific interactions, as it was experimentally demonstrated for Esrrb [START_REF] Festuccia | Mitotic binding of Esrrb marks key regulatory regions of the pluripotency network[END_REF]. Importantly, several correlations indicate that mitotic bookmarking represents a mechanism of gene expression memory preserving cell identity.

Firstly, mitotic binding events are statistically enriched in the vicinity of genes rapidly reactivated after mitosis [START_REF] Kadauke | Tissue-Specific Mitotic Bookmarking by Hematopoietic Transcription Factor GATA1[END_REF][START_REF] Caravaca | Bookmarking by specific and nonspecific binding of FoxA1 pioneer factor to mitotic chromosomes[END_REF][START_REF] Owens | CTCF confers local nucleosome resiliency after DNA replication and during mitosis[END_REF][START_REF] Pelham-Webb | Mitotic retention of H3K27 acetylation promotes rapid topological and transcriptional resetting of stem cell-related genes and enhancers upon G1 entry[END_REF]; Secondly, genes responding to the activity of a given bookmarking TF early in G1 tend to be closer to bookmarked sites than genes responding at later cell cycle phases [START_REF] Festuccia | Transcription factor activity and nucleosome organization in mitosis[END_REF][START_REF] Festuccia | Mitotic binding of Esrrb marks key regulatory regions of the pluripotency network[END_REF]. Thirdly, several bookmarking TFs are enriched in proximity of lineage-specific genes [START_REF] Kadauke | Tissue-Specific Mitotic Bookmarking by Hematopoietic Transcription Factor GATA1[END_REF][START_REF] Caravaca | Bookmarking by specific and nonspecific binding of FoxA1 pioneer factor to mitotic chromosomes[END_REF][START_REF] Festuccia | Mitotic binding of Esrrb marks key regulatory regions of the pluripotency network[END_REF].

One key question is to understand how binding of these factors to specific targets during mitosis promote gene reactivation in daughter cells. Pioneering work indicated that mitotic bookmarking could be associated with preservation of chromatin accessibility [START_REF] Michelotti | Marking of active genes on mitotic chromosomes[END_REF]. Indeed, supporting this idea, TATA binding protein (TBP) specifically recruits the PP2A phosphatase at bookmarked promoters to inhibit the local action of condensins and maintain the chromatin accessible (Figure 2) [START_REF] Xing | The TBP-PP2A mitotic complex bookmarks genes by preventing condensin action[END_REF]. However, mitotic depletion of TBP in pluripotent cells has not been associated with decreased accessibility [START_REF] Teves | A stable mode of bookmarking by TBP recruits RNA polymerase II to mitotic chromosomes[END_REF], indicating that this mechanism may not be at play. More recently, it has been proposed that a mitotic specific complex centred on APC/C, is targeted to promoters in mitosis in order to trigger the local proteolysis of nucleosomes and to preserve or regain their accessibility (Figure 2) [START_REF] Oh | Gene expression and cell identity controlled by anaphase-promoting complex[END_REF]. In fact, several lines of evidence suggest that nucleosome positioning and occupancy may be a parameter generally controlled by mitotic bookmarking factors. Indeed, both Esrrb and CTCF preserve very specific nucleosome architectures at their mitotic binding
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sites in pluripotent cells (Figure 1) [START_REF] Festuccia | Transcription factor activity and nucleosome organization in mitosis[END_REF][START_REF] Owens | CTCF confers local nucleosome resiliency after DNA replication and during mitosis[END_REF]. In contrast, at sites losing binding of Esrrb, CTCF and other TFs such as Oct4 and Sox2, nucleosome positioning is lost. The maintenance of ordered nucleosomal arrays might facilitate the rapid reassembly of functional regulatory complexes to foster the reactivation of bookmarked genes after mitosis. In contrast, losing nucleosome order may occlude motifs for TFs (Figure 1), suggesting that daughter cells will require further chromatin remodelling processes to unmask them. Despite the recent progress in this field, clear experimental demonstrations of the importance of mitotic bookmarking are still lacking. In this regard, the example provided by Brd4, a ubiquitous coactivator involved in histone acetylation, is of primary importance. Initially considered to behave as a mitotic bookmarking factor [START_REF] Dey | Brd4 Marks Select Genes on Mitotic Chromatin and Directs Postmitotic Transcription[END_REF], careful chemical inhibition of its activity during mitosis was later shown inconsequent regarding post-mitotic gene reactivation [START_REF] Behera | Interrogating Histone Acetylation and BRD4 as Mitotic Bookmarks of Transcription[END_REF]. Whether all mitotic bookmarking factors display such a passenger or surrogate role to other activities -such as histone acetylation in the case of Brd4 -is an important possibility requiring further attention.

Chromosome coating by TFs

While the biochemical basis and the functional relevance of mitotic bookmarking factors are partially understood, how a large number of gene regulators accumulate at mitotic chromosomes, presumably non-specifically, and whether those exert any function remains elusive. Nevertheless, the invalidation at the mitosis-G1 transition of TFs coating mitotic chromosomes, such as Sox2 and, to a lower extent Oct4, has detrimental physiological consequences, arguing for their functionality [START_REF] Liu | Widespread Mitotic Bookmarking by Histone Marks and Transcription Factors in Pluripotent Stem Cells[END_REF][START_REF] Deluz | A role for mitotic bookmarking of SOX2 in pluripotency and differentiation[END_REF]. For instance, mitotic chromosomes could act as a reservoir of gene regulators in the close vicinity of DNA, thereby reducing the search time of their targets after mitosis (Figure 3). Also, these globally enriched factors could engage in specific interactions with their targets, but with kinetics fast enough to prevent current technologies capturing them. Such a mechanism of fast interactions by a multitude of different factors could be sufficient to preserve significant levels of chromatin accessibility during mitosis (Figure 3).

Epigenetic chromatin states

Active and repressed chromatin can be molecularly distinguished by several features such as combinations of post-translational modifications (PTMs) and the incorporation of distinct histone variants [START_REF] Kouzarides | Chromatin modifications and their function[END_REF]. While these modifications are often instructed (directly or indirectly) by TFs or by other regulators (e.g. non-coding RNAs) to provide the required genomic specificity, they can be maintained even when their triggers are not any longer present. We consider this latter property as a defining characteristic of epigenetic regulation [START_REF] Berger | An operational definition of epigenetics[END_REF] of high relevance in the context of mitosis.

Indeed, even when a gene regulator is mitotically inactivated, the changes it previously induced in 5/12 the chromatin may persist during mitosis and convey gene regulatory information to the daughter cells. The study of these mitotically-associated histone marks can be traced back to more than three decades [START_REF] Turner | Acetylation and deacetylation of histone H4 continue through metaphase with depletion of more-acetylated isoforms and altered site usage[END_REF], primarily using immunofluorescence. More recently, proteomic analyses have underscored the prevalence of histone methylation in mitosis compared to acetylation, which is more largely reduced to facilitate chromatin compaction [START_REF] Cimini | Histone Hyperacetylation in Mitosis Prevents Sister Chromatid Separation and Produces Chromosome Segregation Defects[END_REF]. In this regard, we direct the reader to reviews that have more generally discussed chromatin states in mitosis [START_REF] Wang | Histone modifications and mitosis: countermarks, landmarks, and bookmarks[END_REF] to focus more specifically on potential mechanisms of epigenetic inheritance of active transcription.

Mitotic histone methylation at promoters

As described for regions losing TF binding, promoters have also been shown to display dynamic organisations of the nucleosomes, whereby a deacetylated nucleosome invades the minimal promoter region spanning the transcription start site (Figure 2) [START_REF] Javasky | Study of mitotic chromatin supports a model of bookmarking by histone modifications and reveals nucleosome deposition patterns[END_REF]. Interestingly, it has been proposed that this may be due to the rolling backwards of the +1 nucleosome, containing the H2A.Z histone variant and preserving a mark associated with transcription, H3K4me3 (Figure 2) [START_REF] Kelly | Z Maintenance During Mitosis Reveals Nucleosome Shifting on Mitotically Silenced Genes[END_REF]. Hence, it has been suggested that this nucleosome relocation contributes to transcriptional silencing whilst priming genes for rapid reactivation via H3K4me3. However, these observations are not in agreement with other work performed in pluripotent cells, where it was observed that the nucleosome depleted regions of active promoters remain unoccupied by nucleosomes in mitosis [START_REF] Festuccia | Transcription factor activity and nucleosome organization in mitosis[END_REF]. Whether this is linked to the bookmarking capacity of TBP in these cells or to the proteasomal degradation of such nucleosomes via APC/C, remains unknow. Nevertheless, these data point to an important role of H3K4me3 in preserving transcriptional potency through mitosis, as previously observed in hepatocytes [START_REF] Kouskouti | Histone modifications defining active genes persist after transcriptional and mitotic inactivation[END_REF] and in HeLa cells [START_REF] Blobel | A Reconfigured Pattern of MLL Occupancy within Mitotic Chromatin Promotes Rapid Transcriptional Reactivation Following Mitotic Exit[END_REF] . Similarly, H3K4me1, a generic mark of active regions, remains enriched at enhancers and insulators during mitosis (Figure 1) [START_REF] Kang | Dynamic regulation of histone modifications and long-range chromosomal interactions during postmitotic transcriptional reactivation[END_REF]. Therefore, in line with the relative stability of histone methylation, H3K4me1 and H3K4me3 display properties of epigenetic marks of active transcription during mitosis.

Mitotic histone acetylation at enhancers and promoters

Acetylation of H3K27 has emerged as a major mark of active regulatory elements, such as promoters and, even more prominently, enhancers. Unlike the global loss of histone acetylation, the mitotic behaviour of H3K27ac has been shown to be region and cell-type dependent. For instance, in immortalised human cell lines, H3K27ac is largely reduced during prometaphase, although some levels of H3K27ac remain at a subset of enhancers of cell type-specific genes with fast post-mitotic reactivation dynamics [START_REF] Kang | Dynamic regulation of histone modifications and long-range chromosomal interactions during postmitotic transcriptional reactivation[END_REF] (Figure 1). In mouse erythroblastic cells, however, the preservation of H3K27ac is more prominent, particularly at genes that are rapidly reactivated in early G1 [START_REF] Hsiung | A hyperactive transcriptional state marks genome reactivation at the mitosis-G1 transition[END_REF]. This observation was later validated in pluripotent cells [START_REF] Liu | Widespread Mitotic Bookmarking by Histone Marks and Transcription Factors in Pluripotent Stem Cells[END_REF], where it was further shown that mitotic
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H3K27ac also characterises regions that rapidly reacquire the 3D topological structures associated with enhancer-promoter communications [START_REF] Pelham-Webb | Mitotic retention of H3K27 acetylation promotes rapid topological and transcriptional resetting of stem cell-related genes and enhancers upon G1 entry[END_REF]. Although a limited number of cell types have been studied so far, these observations suggest a biological distinction between cancer and differentiated cells, which exhibit a relatively uniformly change in H3K27ac, and cells with developmental potency where changes in H3K27ac levels in mitosis are heterogeneous. More recently, a comprehensive study of histone acetylation (H3K14ac, H3K18ac, H4K5ac, H4K8ac, H4K12ac, H3K122ac, and H4K16ac) in mitotic erythroblastic cells was conducted, showing that a large number of acetyl-marks are preserved in mitotic chromatin and correlate with gene reactivation [START_REF] Behera | Interrogating Histone Acetylation and BRD4 as Mitotic Bookmarks of Transcription[END_REF]. The mitotic preservation of H4K5ac at promoter regions was also observed in a human cancer cell line [START_REF] Zhao | Gene bookmarking accelerates the kinetics of post-mitotic transcriptional re-activation[END_REF], but whether the cellspecific observation made for H3K27ac generally applies to all histone acetylation marks remains an interesting unknown possibility. Moreover, it has been postulated that HAT and HDAC enzymes are globally displaced from mitotic chromosomes [START_REF] Kruhlak | Regulation of Global Acetylation in Mitosis through Loss of Histone Acetyltransferases and Deacetylases from Chromatin[END_REF] for proper chromosome condensation and mitotic progression [START_REF] Cimini | Histone Hyperacetylation in Mitosis Prevents Sister Chromatid Separation and Produces Chromosome Segregation Defects[END_REF]. How the equilibrium between acetylation/deacetylation is controlled at regulatory elements requires specific attention.

Conclusions: current limitations and potential promises

Through this review we have underscored three main mechanisms potentially facilitating gene reactivation in daughter cells (Figures 1 to 3), based either on non-specific or site-specific TF activity or on the preservation of chromatin properties. However, we still lack direct demonstrations of their functionality. This is a complicated task, since one would need to test the consequences of a lack of activity during mitosis exclusively, with an immediate restoration as the cells re-enter into interphase, entailing obvious experimental difficulties. Conceptual obstacles are also noticeable and will need to be solved as this field grows and tests its foundational principles (Figure 4). For instance, it is unclear if the consequences of a mitotic event should be sought early in the following interphase or, perhaps, in successive ones as the effects in gene regulatory networks could be strongly amplified or, on the contrary, buffered out [START_REF] Owens | Chapter 6 -Mitotic bookmarking by transcription factors and the preservation of pluripotency[END_REF]. Also, one should keep in mind that not all gene regulators are equal and some appear to be more powerful than others. For instance, CTCF regains full activity after mitosis very rapidly, regardless of its mitotic behaviour [START_REF] Zhang | Chromatin structure dynamics during the mitosis-to-G1 phase transition[END_REF]. Moreover, it is today unclear how the distinct molecular strategies herein described influence each other, how they are orchestrated and whether they may display mutual compensation. Finally, it has recently been proposed that transcription around mitosis may be more complex than what we had anticipated. Firstly, mitosis itself may not be fully refractory to transcription; very low levels could persist and act as the most basic mechanism of memory [START_REF] Palozola | Mitotic Transcription and Waves of Gene Reactivation During Mitotic Exit[END_REF][START_REF] Liu | Transcriptional landscape of the human cell cycle[END_REF]. Secondly, the genome seems to awake after mitosis as a strong transcriptional spike [START_REF] Hsiung | A hyperactive transcriptional state marks genome reactivation at the mitosis-G1 transition[END_REF], a first burst of intense transcription that is then rechannelled in either sustained expression or repression as the enhancer and topological landscapes are rebuilt (Figure 4).
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In this context, the consequences of differential mitotic regulation may either be too subtle or, on the contrary, sufficiently robust to convey regulatory information over the initial transcriptional burst, subsequently contributing to the correct re-establishment of gene expression profiles. 

Full network reestablishment
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Figure 1 :

 1 Figure 1: Mitotic memory of gene regulation at enhancers. (A) During interphase, sequence-specific transcription factors (TFs) bind to their cognate DNA motifs within a nucleosome depleted region flanked by ordered nucleosomes. These nucleosomes typically carry marks such as monomethylation of histone 3 at lysine 4 (H3K4me1, red circle) and acetylation of histone H3 at lysine 27 (H3K27ac, blue triangle). (B) During mitosis, TFs are evicted and nucleosomes invade the NDR, disorganising the nucleosomal array. This occludes DNA-binding motifs, further contributing to the loss of TF binding. Moreover, histone marks can also be erased. (C) Mitotic bookmarking TFs maintain an NDR and a nucleosome ordered array, which may prime the region for fast reactivation at mitosis exit (D) Histone modifications can also be mitotically maintained, marking the region for rapid post-mitotic re-activation.

Figure 2 :

 2 Figure 2: Mitotic memory of gene regulation at promoters. (A) During interphase, the RNA Pol II preinitiation complex (PIC) is assembled at the Transcription Start Site (TSS), in the context of a nucleosome depleted region (NDR) with highly positioned +1 and -1 nucleosomes. These nucleosomes are characterised by marks such as acetylated H2A.Z and H3K4me3. (B) During mitosis, when the PIC disassembles, the +1 nucleosome rolls backwards into the NDR to occupy the TSS; several mechanisms have been described to maintain a memory of promoter activity. (C) The TSSassociated nucleosome may maintain H2A.Z and H4K4me3, promoting fast reactivation at mitotic exit. (D) Alternatively, APC/C may induce the degradation of this nucleosome to open the TSS and prime it for its reactivation in interphase. (E) The general TF TATA binding protein (TBP) may behave as a bookmarking factor.

Figure 3 :

 3 Figure 3: Alternative mechanisms of mitotic memory. In addition to mitotic bookmarking and epigenetic marks, other mechanisms may contribute to a mitotic memory of gene regulation. (A) Multiple TFs may bind their specific DNA targets with very fast kinetics, collectively preserving chromatin accessibility. (B) TFs may be kept in the close vicinity of DNA without engaging in DNA-

Figure 4 : 12 Ref10: 1 point

 4121 Figure 4: Mitotic bookmarking on the face of interphase dynamics. Top panel, mitosis: Transcription is largely decreased during mitosis. Enhancer-promoter chromatin contacts are depleted during mitosis and restored rapidly upon G1 entry. The presence of mitotic bookmarking, chromosome coating and chromatin marks as well as the active but low transcription facilitate gene reactivation upon mitotic exit. The way these mechanisms influence each other and their relative importance are still unclear (squared-arrow network). Bottom panel, interphase: How the abovementioned mechanisms influence gene regulation before, during or after the transcriptional spike observed upon mitotic exit remains unknown, as does their temporal influence on how more complex regulatory networks are reestablished.
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