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Abstract:



Anchoring of heterochromatin to the nuclear envelope appears to be an important process ensuring the spatial organization of the chromatin structure and genome function in eukaryotic nuclei. Proteins of the inner nuclear membrane (INM) mediating these interactions are able to recognize lamina-associated heterochromatin domains (termed LAD) and simultaneously bind either lamin A/C or lamin B1. One of these proteins is the lamin B receptor (LBR) that binds lamin B1 and tethers heterochromatin to the INM in embryonic and undifferentiated cells. It is replaced by lamin A/C with specific lamin A/C binding proteins at the beginning of cell differentiation and in differentiated cells. Our functional experiments in cancer cell lines show that heterochromatin in cancer cells is tethered to the INM by LBR, which is downregulated together with lamin B1 at the onset of cell transition to senescence. The downregulation of these proteins in senescent cells leads to the detachment of centromeric repetitive sequences from INM, their relocation to the nucleoplasm, and distension. In cells, the expression of LBR and LB1 is highly coordinated as evidenced by the reduction of both proteins in LBR shRNA lines. The loss of the constitutive heterochromatin structure containing LADs results in changes in chromatin architecture and genome function and can be the reason for the permanent loss of cell proliferation in senescence.
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1. Function of Lamin B Receptor in Anchoring Chromatin to the Inner Nuclear Membrane


It has been well established that the spatial organization of chromatin plays a critical role in genome functions [1]. The majority of eukaryotic nuclei has a conventional nuclear architecture with euchromatin located predominantly in the internal nucleus, whereas heterochromatin is surrounding the inner side of nuclear envelope and the nucleolus. This functional chromatin arrangement is maintained by means of binding of peripheral heterochromatin sequences to the nuclear envelope (NE). Guelen et al. [2] found that genome–lamina interactions occur in more than 1300 discrete domains, thus dividing the human genome into large sharply demarcated domains of about 0.1–10 Mb in size. These lamina-associated domains (LADs) are characterized by repressive chromatin, showing that nuclear lamina represents a major structural element for the organization of the nuclear genome. Solovei et al. [3] identified the existence of two types of chromatin attachment to lamina: one is executed by means of the lamin B receptor (LBR) in embryonic and non-differentiated cells and the other is mediated by specific lamin A/C binding proteins that are expressed in differentiated cells [4]. Among these the LEM domain proteins (LAP2-emerin-MAN1) carrying a unique globular module of about 40 amino acids are the most prominent ones. LEM-domain proteins present a growing family of nonrelated proteins of the inner nuclear membranes (INMs) [5], linking this membrane and lamin A/C to chromatin during the interphase. LEM-domain proteins share some important properties with LBR: they are anchored to the INM, they interact with lamins, and they bind to chromatin and/or DNA through their binding partners [6]. LBR is a protein of the INM, which preferentially binds lamin B1, and its mutations are known to cause Pelger–Huet anomaly in humans. The Tudor domain of LBR selectively interacts with heterochromatin and represses transcription by binding to chromatin regions marked by specific histone modifications [7,8,9]. It follows from the work of Clowney et al. [10] that LBR and B-type lamins are able to tether heterochromatin to the INM. However, the results of Kim et al. [11] and Yang et al. [12] indicate that B-type lamins can be dispensable in this function because cells from mice lacking both lamin B1 and lamin B2 retain a conventional nuclear architecture in the absence of lamin A/C. This can be due to the presence of LBR that has several transmembrane domains for attachment to the INM [3].




2. Distinct Types of Heterochromatin Attachment to the Nuclear Membrane in Undifferentiated (Embryonic) and Differentiated Cells


Heterochromatin tethers support the essential organization of the structure and function of the chromatin [13,14]. Each of the chromatin tethers is responsible for the formation of specific higher order chromatin structure and the regulation of gene expression. Two different types of heterochromatin tethers distinguish cells that are able to proliferate from cells that completed proliferation and are differentiating. While the chromatin structure arranged by the attachment of heterochromatin to the INM by LBR in embryonic and non-differentiated cells allows the active expression of genes that participate in cell proliferation, heterochromatin tethers that are executed by lamin A/C by LEM-domain proteins change this chromatin structure to enable the silencing of proliferative genes while activating the expression of new genes that are specific for different types of differentiated cells. This activation of cell type-specific genes is assured by binding of the heterochromatin to lamin A/C by the LEM-domain proteins, specifically expressed in the specific cell type. Experiments by Solovei et al. [3] have shown that the pattern of LEM-domain protein expression is cell type specific, while none of the LEM-domain proteins seem to be universally expressed in mammalian cells. The LEM-domain proteins cooperate with lamin A/C in tethering peripheral heterochromatin to the INM. Different LEM proteins and their combination mediate heterochromatin binding to lamin A/C, depending on the cell type and developmental stage [15,16,17]. During development and cell differentiation, LBR and lamin A/C expression is sequential and coordinated [3]. Initially, in non-differentiated cells, only LBR is expressed while later at the onset of cell differentiation it is replaced by lamin A/C. Expression of both these proteins in differentiated cells is rarely seen. Experiments in knock-out mice have shown that in most cell types, deletion of lamin A/C is compensated by prolonged expression of LBR [3]. However, no data are available showing the attachment of heterochromatin to lamina in senescent cells.




3. Lamin B is Downregulated in Senescence


Cellular senescence is a cellular response to a variety of stresses [18,19,20]. It is accompanied by a set of characteristic morphological and physiological features that distinguish senescent cells not only from proliferating cells but also from quiescent or terminally differentiated cells [19,20]. Because senescence plays an important role in both normal physiology and diverse pathologies, it is important to understand its molecular basis well. Typical features of senescence include irreversible proliferation arrest, enlarged cellular morphology, expression of senescence-associated β-galactosidase activity (SA-β-gal) [20], enhanced nuclear heterochromatinization [19], a senescence-associated secretory phenotype [21,22], and DNA damage signaling [23,24]. These senescence attributes are generally manifested by cells in replicative senescence (due to telomere shortening) [25] and the so-called premature senescence due to different stressors such as activated oncogene, oxidative stress, and other DNA damaging insults [26,27,28].



The onset and maintenance of the senescent state involve the action of two major tumor suppressive pathways, p53-p21 and p16ink4a-pRb [29,30]. Upregulation of p16INK4a is particularly prevalent in benign lesions, although is often lost upon malignancy [31], and its expression can be dispensable in senescence [32,33]. Most known senescence-associated markers have been obtained in studies of oncogene-induced senescence or replicative senescence in human diploid fibroblasts [19,34]. They include large senescence-associated heterochromatin foci (SAHF) enriched in heterochromatin markers such as H3K9me3 and HP1 proteins. However, SAHF formation does not occur in all senescent cells [28]. It is absent, for example, in human mammary carcinoma MCF7 and fibrosarcoma U2OS cells in which senescence has been induced by γ-irradiation [33] or by inhibition of replication and Chk1 kinase or ATR kinases.



In recent years, it was reported that lamin B1 (LB1) expression is reduced in replicative and oncogene-induced senescence, which delays cell proliferation and promotes cellular senescence via a p53- and Rb-dependent mechanism [35,36,37,38]. Chandra et al. [39] studied this senescence-associated structure in detail to gain insight into the function of SAHF. Because a key feature of senescent nuclei is the loss of LB1—which correlates with SAHF formation in fibroblasts after senescence induction by oncogene activation—they assumed that this loss might be involved in the architectural changes of chromatin leading to the formation of SAHF [40]. Independently, Sadaie et al. [41] showed that during senescence, LB1 is preferentially depleted from the chromatin regions containing LADs enriched for H3K9me3, a characteristic for constitutive heterochromatin (cHC). The authors supposed that this release of cHC containing LADs from the nuclear membrane would promote the formation of SAHF. In addition, these authors observed that despite its global reduction there was an increased binding of LB1 to gene-rich regions marked with H3K27me3 (a characteristic for facultative heterochromatin). However, there are no known specific reader sequences of LB1 for the recognition of lysine-methylated residues of chromatin. The recognition of these sequences ensures LBR joining with LB1, as found earlier [9,42,43,44]. We observed LB1 foci of variable sizes scattered through the chromatin, but not colocalizing with the INM in senescent nuclei of MCF7 and U2OS cells [33] and assume that these foci might represent protein degradation centers [45].




4. The Onset of Senescence is Accompanied by a Coordinated Downregulation of Lamin B Receptor and Lamin B1 Expression


Our results show [33] downregulation of both LBR and LB1 at the onset of senescence induced by γ-irradiation in two cancer cell lines (MCF7 and U2OS). To further explore the apparent coordinated behavior of both proteins in cellular processes we performed experiments: (i) To confirm the capacity of LBR to attach heterochromatin (HC) to the INM in cycling cancer cells and to detach it from the INM after downregulation in senescence. (ii) To establish stable cell lines in which LBR expression was reduced by shRNA constructs [3,7,9,44]. We selected the pericentric satellite heterochromatin (CSH), which represents about 70% of human HC, and followed its attachment to lamina in cancer cells MCF7 and U20S and in these cells transferred to senescence by γ-irradiation. Specifically, the role of LBR was followed in the attachment of CSH in two chromosomes with HC > EC (heterochromatin-rich chromosomes) and two chromosomes with HC < EC (heterochromatin-poor chromosomes). We found a high fraction (>80%) of CSH in heterochromatin-rich (gene-poor) chromosomes colocalizing with the INM in these cancer cells. In heterochromatin-poor chromosomes this was about 50%. More than half of these sequences detached from the INM and relocalized to the nucleoplasm where they were decondensed, not only in the beginning of senescence where LBR and LB1 were lost but also in cells where LBR expression was reduced by LBR-specific shRNA. Colocalization of CSH with the INM also decreased significantly—by approximately two-thirds—in heterochromatin-rich and by one-third in euchromatin-rich chromosomes in cells with shRNA-reduced expression of LBR. These results confirmed the role of LBR as a constitutive heterochromatin tether in proliferating cancer cells [3,9,10]. Moreover, nuclei of senescent cells showed elevated numbers of centromeric signals in different cell lines suggesting that the detachment of centromere-specific satellite heterochromatin from lamina and its decompaction in the nucleoplasm may induce endo-reduplication of this chromatin. This can be related to the results of De Cecco et al. [46] showing that the transcription of satellite DNA, as well as transposable elements, increased during replicative senescence. Our results showing the detachment of CSH of chromosomes with the prevailing amount of heterochromatin (mainly of chromosome 18) from lamina in cells with reduced expression of LBR and LB1 are in consensus with the results of Malhas et al. [47]. They showed that an absence of LB1 or its full-length protein resulted in the relocation of chromosome 18 from the nuclear periphery to the nuclear center in mouse embryonic fibroblasts; this was followed by decondensation of this chromosome and changes in the expression of some of its genes. No changes were observed in chromosome 19, which is located in the center of these cells’ nuclei. Even if the authors did not follow changes in the level of LBR, it could be supposed on the basis of our results, that in the absence of LB1 or in the presence of its incomplete structure the heterochromatin tether may not be executed by LBR in these embryonic cells [3]. This results in relocation of chromosome 18 from the nuclear membrane to the nuclear center.



LBR protein is known to contain specific regions for heterochromatin attachment, recognition of specific histone methylations, HP1γ and, in addition, the attachment of LB1 [7,9,42,43,44,48]. The role of LBR in an un- or early-differentiated state of cells was also demonstrated by Clowney et al. [10] who showed that transgenic expression of LBR deregulates the differentiation of olfactory neurons. The binding of LBR, but not LB1 to heterochromatin, also follows from the stability of LBR associated with condensed chromatin and the INM during the late stage of apoptosis, while lamin B1 is proteolyzed at an early stage [49]. The protease resistance of this LBR association, which plays a major role during apoptosis, is also likely to be important in nuclear membrane reassembly in late anaphase [50]. The functional dependence of LB1 on LBR results from current downregulation of both these proteins at reduced expression of LBR by LBR-specific shRNA shown in our experiments [33]. However, downregulation of both these proteins by LBR shRNA did not induce senescence. Clones of MCF7 and U2OS with reduced expression of these proteins exhibited slower proliferation compared to the parental cells, formed higher numbers of micronuclei (MN) showing higher permeability of the nuclear membrane, and were transferred to senescence by γ-irradiation similarly to their parental cells. Even if it seems that the downregulation of LBR and LB1 is necessary for cell transition to senescence, it does not elicit this process. It is not yet known what gives the impulse to LBR downregulation at the onset of senescence. It is possible that genotoxic stress used in our experiments or other forms of stress inducing senescence cause mutations in the genes participating in LBR expression or the stability of this protein in INM. Our results show that expression of the LBR gene decreased progressively during 72 h post-irradiation (PI). However, the protein disappeared from the nuclear membrane during 24 h PI, indicating reduced stability of the protein at the INM. This might be due to increased phosphorylation [48] or other posttranslational modifications of this protein due to stress-induced activity of specific kinases or mutations in genes of proteins that help to stabilize the position of LBR in the INM. It is well known that LBR becomes hyperphosphorylated at the beginning of mitosis, which results in its dissociation from the INM and disassembly of the nuclear envelope [51,52]. We observed that some cells, especially the U2OS cell line, excrete LBR protein into the cytoplasm in a dispersed form and or bound to heterochromatin fragments. We assume that this LBR and chromatin fragments are degraded by autophagy machinery that is frequent in senescent cells and that serve for recycling the cellular constituents and cell remodeling [53]. The attachment of heterochromatin to the INM by means of LBR and LB1 establishes conditions for active transcription of genes responsible for cell proliferation in undifferentiated, cycling cells [3,9].



It is very interesting that in undifferentiated and differentiated cells the higher order chromatin structure is set by the anchoring of heterochromatin to the INM by means of distinct proteins of the INM that simultaneously binds to one of the lamins: lamin B receptor binds to lamin B1 in undifferentiated and embryonic cells and different LEM-domain proteins and other transmembrane mediators bind to lamin A/C in various differentiated cells [6]. This shows that lamins bind to heterochromatin indirectly but have a very important role in anchoring heterochromatin to the INM, which is not yet fully clarified. The experiments of Solovei et al. [3] show that the expression of LEM-domain proteins is cell type and developmental stage specific. None of the LEM-domain proteins are present in any cell type lacking LBR. Therefore, no individual LEM-domain protein could be the universal mediator of the lamin A/C-dependent peripheral heterochromatin tether. Processes of cell differentiation directed by a heterochromatin tether with the participation of lamin A/C are very complicated and participation of the different proteins in this process is not yet completely clear.




5. Consequences of LBR Downregulation in Senescence


Genome-wide mapping of LB1 has identified lamina-associated domains (LADs) that are gene poor and guanine–cytosine poor, enriched for histone repressive marks [2,54] and repetitive sequences LINE, and are specific for heterochromatin. LAD domains in which heterochromatin is anchored to lamina and the INM by LBR in undifferentiated cells or LEM-domain proteins in differentiated cells are distributed along chromosomes and cover about 35% of the genome [2,54,55,56]. Pericentromeric satellite heterochromatin CSH can be considered as immense LADs, specific for each chromosome, invariably found at the nuclear or nucleolar peripheries [54,57,58,59,60].



The downregulation of LBR and LB1 in the beginning of senescence induces several consecutive changes that eventually lead to irreversible alterations in nuclear architecture. The evidence for this hypothesis comes from several experimental systems. In irradiated cancer cells, we observed detachment of peri/centromeric satellite heterochromatin (enriched in the epigenetic H3K9me3 mark) from the inner nuclear membrane and its relocation to the nucleoplasm [33]. Interestingly, the heterochromatin-rich chromosomes seem to be more affected than those that are heterochromatin poor. This indicates that chromosomes containing more heterochromatin are more tightly attached to the INM due to the higher number of LADs in which chromatin is anchored to the INM by LBR and LB1. Further, high-resolution confocal microscopy has shown marked distension of peri/centromeric heterochromatin following their relocation from the inner nuclear membrane to the nucleoplasm (Figure 1). Using specific probes for peri/centromeric repetitive sequences of specific chromosomes, we were able to follow changes in their structure and nuclear location; this was not possible for the rest of the LADs of different sizes [2] scattered along the genome. However, owing to the loss of the principal tether protein LBR/LB1 in the beginning of cancer cell senescence, we can speculate that the other heterochromatic loci containing LADs that are specifically recognized by LBR were also detached from the lamina and unfolded. For this assumption, it attests higher changes in the location and distension of CHS of chromosomes with higher content of HC > EC compared to CSH of chromosomes containing HC < EC. Significantly, a similar distension of peri/centromeric satellite sequences in human fibroblasts induced to senescence by diverse stresses (termed by authors “senescence-associated distension of satellite (SADS)”) was also reported by Swanson et al. [61]. These observations made in independent systems indicate that the phenomenon of satellite heterochromatin decompaction is common in senescence. De Cecco et al. [46], analyzing nucleosome densities in nuclei of senescent cells, showed that repetitive sequences and pericentric constitutive heterochromatin became relatively more open (decondensed), while open regions became generally more closed (condensed) with the exception of some specific genes; this indicates that the density of nucleosomes become more homogenous. Sadaie et al. [41] were the first to implicate the dynamic changes in LB1 for SHAF formation and gene regulation during senescence of human diploid fibroblasts. These findings of spatial chromatin changes in senescent cells with reduced LB1 were confirmed by a comprehensive study using Hi-C by Chandra et al. [39]. Both of these excellent studies found a connection between the reduction of LB1 and rearrangement of the genome architecture during cellular senescence, consisting of changes in constitutive heterochromatin density and location. However, they were not interested in the reasons for this genome rearrangement in senescence or why this rearrangement is connected with the reduction of LB1. It is conceivable that these changes in chromatin configuration may induce a number of changes in gene expression. We propose that the trigger of chromatin alterations in senescent cells could primary be the loss of the heterochromatin anchoring protein to the INM, the LBR. While the heterochromatin tether executed in embryonic and undifferentiated cells by LBR is replaced by lamin A/C with specific LEM-domain proteins after downregulation of this protein at the beginning of cell differentiation, there is no known heterochromatin tether for replacing the downregulated LBR after cells transition to senescence. The cause may be just in the loss of constitutive heterochromatin structure. Heterochromatin tethers cannot be restored in senescent cells that have lost constitutive heterochromatin and LAD-domain structure. The loss of constitutive heterochromatin structure results in profound changes in chromatin architecture and its function. Decompaction of heterochromatin in LAD domains renders these domains non-functional, preventing attachment to the INM and nuclear lamina. We speculate that loss of function of the LAD domain might be an irreversible step leading to the permanent cessation of cell proliferation.


Figure 1. Schematic representation of a pericentric heterochromatin LAD domain (red) and lamin B1 (green) anchorage to INM (grey) by means of LBR (blue) in an interphase nucleus of a cancer cell (A) and distended pericentric heterochromatin LAD domain in a senescent nucleus (B). In (B) the LAD domain of a pericentric heterochromatin is no longer attached to INM because LBR that anchored this condensed domain to INM in interphase nucleus was lost together with LB1 after cell transition to senescence. The loss of both proteins in senescence leads to the relocation of pericentric heterochromatin from INM to the nucleoplasm and to its distension.
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6. Conclusions


The results of further experiments will show whether our conclusions regarding the fate of senescent cells after the loss of constitutive heterochromatin structure are real or not and whether they could be found conditions for this structure restoration.
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