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Abstract

:

The nuclear lamina (NL) is a meshwork of lamins and lamin-associated proteins adjoining the inner side of the nuclear envelope. In early embryonic cells, the NL mainly suppresses background transcription, whereas, in differentiated cell types, its disruption affects gene expression more severely. Normally, the NL serves as a backbone for multiple chromatin anchoring sites, thus shaping the spatial organization of chromosomes in the interphase nucleus. However, upon cell senescence, aging, or in some types of terminally differentiated cells and lamin-associated diseases, the loss of NL-chromatin tethering causes drastic alterations in chromosome architecture. Here, we provide an overview of the recent advances in the field of NL-chromatin interactions, focusing on their impact on chromatin positioning, compaction, repression, and spatial organization.
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1. Introduction


In eukaryotes, the densely packed heterochromatin is mainly located at the nuclear periphery, whereas the less compact euchromatin occupies a more interior nuclear position. Heterochromatin is subdivided into densely-packed constitutive heterochromatin, covering pericentromeric and telomeric chromosomal regions, and less condensed facultative heterochromatin located in the chromosomal arms. Recent electron microscopy observations indicate that during interphase chromatin is represented by a 5- to 24-nm nucleosomal chain aggregated into irregular clusters with a higher packaging density at the nuclear periphery [1]. The nuclear lamina (NL) is a meshwork consisting of A- and B-type lamins and lamin-associated proteins which lines the inner nuclear membrane [2] and participates in the compaction of peripheral chromatin. Chromosomal regions interacting with the NL, the so-called lamina-associated domains (LADs), have been identified in various organisms from nematode to human using either DNA adenine methyltransferase identification (DamID) [3] or chromatin immunoprecipitation (ChIP) techniques [4,5,6,7,8,9,10]. LADs appear to contain mostly silent or weakly-expressed genes [4,6], thus supporting the idea that NL is a repressive nuclear compartment. As the ChIP approach captures mostly stable interactions, whereas DamID also detects the transient contacts, it became clear that LADs are not only in contact with but are attached to the NL. However, the influence of NL-chromatin interactions on the overall chromosome architecture and gene expression is still the subject of ongoing research.




2. Mechanisms of LADs Tethering to the NL


Several studies examined which components of the NL might tether chromatin. Usually, the positions of endogenous loci or lacO-tagged genomic regions relative to the nuclear envelope (NE) were assayed by fluorescence in situ hybridization (FISH) or by the fluorescence imaging of LacI-GFP upon depletion of candidate proteins. The loss of tethering is expected to result in the removal of loci from the NE. In such a way, histone deacetylase HDAC3 (even lacking its catalytic activity) in the complex with the NE transmembrane (NET) protein Lap2β and the DNA-binding protein cKrox was shown to participate in LAD tethering to the NE in mice cells [11,12]. Similarly, HDAC3 appears to be required for the retention of a LAD at the nuclear periphery in Drosophila S2 cells [13]. Furthermore, depletion of PRR14 protein, which associates with the A-type lamin at the NL and binds heterochromatin protein 1α (HP1α), resulted in the redistribution of histone H3 lysine 9 di/trimethylated (H3K9me2/3) chromatin from the nuclear periphery to the nuclear interior in human cells [14]. In a similar approach, the CEC-4 component of the NL was revealed as a direct tether of H3K9me2/3-marked chromatin in nematodes [15].



Lamin-B-receptor (LBR), the NET protein associated with the B-type lamin, is one of the participants which maintain the peripheral position of heterochromatin during the early embryonic development of mammals [16]. LBR and lamins interact with the same genome regions as revealed by DamID [17]. LBR forms a complex with HP1α [18,19] and thus can link the H3K9me2/3-modified chromatin of LADs [4,20] as well as pericentromeric regions to the NL. LBR also binds the histone H4 lysine 20 dimethylated (H4K20me2) mark, which is abundantly represented at the nuclear periphery [21]. The naturally-occurring down-regulation of LBR in mouse olfactory sensory neurons results in the aggregation of pericentromeric heterochromatin into foci located far from the NL, whereas an ectopic LBR expression leads to the shift of these foci toward the nuclear periphery [22]. Depletion of LBR in two human cancer cell lines also results in the relocalization of pericentromeric heterochromatin from the NL to the nucleoplasm [23], thus illuminating its chromatin tethering function. Apart from LBR, which is most important in early development, several tissue-specifically expressed NET proteins were shown to tether particular loci or even whole chromosomes to the NE, specifically in differentiated mammalian cells [24,25].



Lamins themselves might participate in chromatin tethering based on their ability to bind DNA, histones, and chromatin in in vitro assays [26,27,28]. In Drosophila, B-type lamin is required for in vivo chromatin tethering as its disruption results in the relocalization of particular gene loci from the nuclear periphery both in embryonic S2 cells and in neuroblasts [29,30]. Moreover, knock-out of the Lmnb1 gene in mouse embryonic fibroblasts results in the relocation of chromosome 18 to the nuclear interior [31]. Similarly, knock-out of the Lmna gene in mouse postmitotic cells lacking LBR expression leads, in some cell types, to the so-called “inverted” nuclear architecture [32], characterized by heterochromatin aggregation in the center of nucleus and euchromatin facing the NE [16]. Finally, upon depletion of B-type lamin in S2 cells (which also lack the A-type lamin), not only particular loci but a bulk chromatin mass is detached from the NE and shifted towards the nuclear interior [33]. However, upon loss of all lamins, general chromatin detachment from the NL was not observed in mouse embryonic stem cells (mESCs) [34]. Under these conditions, facultative LADs were detached, while the constitutive LADs were retained at the nuclear periphery [34,35]. Although it seems likely, it is not yet proven that lamins tether chromatin directly, as their absence leads to the mislocalization of many other components of NL as well as of nuclear pore complexes [36,37,38,39].



What might be the reasons for the different chromatin responses to the loss of all lamins in embryonic cells of Drosophila and mammals? In contrast to mammals, where the presence of either LBR or lamin A/C is necessary to keep heterochromatin at the nuclear periphery [16], the depletion of LBR and simultaneous absence of A-type lamin in Drosophila S2 cells did not lead to the notable alteration of chromatin position relative to the NE [33]. Therefore, in mESCs the loss of all lamins may not be sufficient to completely detach chromatin from the NE [40,41].



Three types of NL-chromatin tethering mechanisms are summarized in Figure 1.



Notably, the results of the aforementioned experiments show that, upon loss of tethering components, chromatin occupies a more interior position in the nucleus. This clearly indicates that the attachment of interphase chromosomes to the NE slightly stretches them. Ulianov et al. [33] proposed that macromolecular crowding [42] and inter-nucleosomal interactions within the topologically associating domains (TADs) [43,44,45,46] result in a slight chromosome contraction upon loss of their tethering to the NL.




3. Impact of the NL on LADs Compaction and Repression


It is well-established that LADs mainly contain genes which are weakly-expressed or silent [4,6]. Several findings in mammals and Drosophila indicate that the bodies of expressed genes may still be located within LADs, yet their promoters most likely lose contact with the NL [5,47,48,49]. Therefore, the NL is an unfavorable environment for transcription. Furthermore, artificial tethering of weakly-expressed reporters to the NL results in their silencing [50,51,52,53], thus indicating that the NL has the capacity to establish gene repression. However, judging from single-cell DamID analysis, less than one third of all LADs revealed in a cell population are localized to the NL in individual cells, with the NL-attached regions being stochastically reshuffled after each mitosis [54,55]. These results indicate that if the NL strongly suppresses gene transcription, different genes should be silenced in various cells of the same lineage, which seems highly unlikely. Although genes in the NL-untethered LADs may be repressed due to their interaction with other repressive nuclear compartments, such as nucleoli [54] or chromocenters, LADs appear to overlap only weakly with the nucleoli-associated domains [56] or, in mESCs, with the pericentromere-associated domains [57]. Furthermore, lamins appear to be dispensable in some mouse cell types including mESCs [40,41]. Likewise, loss of CEC-4 tethering in nematode shifted heterochromatin from the nuclear periphery but did not lead to gene activation [15]. Therefore, it still remains unclear whether genes in LADs are silent due to their contact with the NL, or whether they are repressed by NL-independent mechanism(s) and, because of this, repositioned to the NL. In other words, the question exists how the NL impacts on the compaction and repression of chromatin in LADs.



Two recent studies addressed this question by employing the technique of chromosome conformation capture with high throughput sequencing (Hi-C, [58]) on mESCs or embryonic Drosophila S2 cells lacking all lamins [33,34]. Strikingly, in both mouse and Drosophila cells, a fraction of NL-attached TADs became less compact upon the loss of all lamins [33,34]. The decompaction of these TADs in Drosophila S2 cells was accompanied by an increased level of histone H3 acetylation and background transcription in these regions [33]. Given that a fraction of HDACs was revealed in the mammalian NL proteome [59,60], Ulianov et al. [33] suggest that HDACs linked to the NL may additionally deacetylate histones in LADs. Furthermore, polymer simulations indicate that the attachment of LADs to the NL may mechanically compact their chromatin [33]. Zheng et al. [34] hypothesize that LADs at the NL may become more densely packed due to the lamin meshwork which wraps around them and restricts chromatin mobility. Collectively, these findings strongly support the concept that the NL enhances the compaction and repression of chromatin in LADs. Yet, it should be noted that the impact of the NL on LAD compaction is rather weak, at least in embryonic cells. Ulianov et al. [33] suggest that chromatin deacetylation and compaction mediated by the NL are mainly directed to suppress the occasional binding of transcription factors in LADs in order to diminish the background transcription in these regions.



Interestingly, RNA-seq analysis indicates that a loss of all lamins does not only up-regulate the background transcription in LADs but also alters the expression of genes positioned in the nucleoplasm [33,34,40]. One of the explanations is that upon NL disruption, chromatin interactions may be changed also in the nuclear interior. Previously, using Hi-C, it was found that active and inactive chromatin in mammalian cells is spatially segregated into A and B compartments [58]. Importantly, in both mouse and Drosophila, chromatin compartmentalization was impaired upon lamin loss [33,34]. Therefore, this gain and loss of inter-domain interactions might affect gene expression in the nuclear interior. Additionally, lamin A/C which is expressed later in development and can interact not only with the inactive chromatin at the NL but also with the active chromatin in the nucleoplasm of mammalian cells [61,62], may affect the expression of genes located in the inter-LAD regions. This latter effect may explain the variety of human diseases, collectively named laminopathies, which are mainly caused by the mutations in the LMNA gene [63].




4. Heterochromatin Maturation upon Cell Differentiation


In mammals, the transition from undifferentiated or pluripotent to a more differentiated cell state is accompanied by an increase in the packaging density of peripheral chromatin [64], and a similar picture is seen in nematodes [65]. However, what happens with the peripheral chromatin upon cell differentiation in Drosophila remains mostly unexplored, not least because in this model organism, LADs have previously been mapped only in the Kc167 cell line of embryonic origin [6]. Recently, this knowledge gap was filled, and LADs as well as HP1a- and Polycomb (Pc)-associated domains were identified in various organs/cell types of Drosophila third instar larvae, including the fat body, brain, glia, and neurons [49,66]. In contrast to mammals, where LADs are enriched with H3K9me2 mark along their length as well as with histone H3 lysine 27 trimethylated (H3K27me3) mark at their borders [4,20], LADs in Drosophila Kc167 cells paradoxically do not contain any H3K9me2/HP1a, while ~40% of their length is covered by Pc [6,67]. Strikingly, in Drosophila neurons and, to a lesser degree, in glia and fat bodies, LADs appear to be widely covered by HP1a both in chromosome arms and in the pericentromeric regions [49]. Moreover, centromeres, embedded in the constitutive heterochromatin, are localized closer to the NE in neurons than in Kc167 cells [49]. At the same time, Pc-enriched LADs are rather conservative among different Drosophila cell types [49]. Therefore, peripheral heterochromatin possesses a similar composition in mammals and in differentiated Drosophila cells.



Several studies indicate that in differentiated mammalian cells, the disruption of NL components exerts a stronger effect on gene expression than in mESCs (for example, [25,68]). In differentiated Drosophila cells, genes residing in LADs, which are bound with HP1a or Pc, are expressed more weakly than genes residing in LADs without HP1a and Pc binding [49]. Moreover, upon aging, the level of B-type lamin is prominently reduced in the major immune organ in Drosophila, the fat body, which causes the HP1a/H3K9me2 loss and de-repression of a set of immune response genes [69]. It is supposed that when cell lineages are committed for terminal differentiation, the maturated heterochromatin imposes an additional level of repression on genes that may interfere with proper differentiation, thus ensuring their irreversible and effective silencing [49,70,71]; however, this repression is weakened upon aging. It is still to be determined whether NL disruption would lead to more severe gene expression defects in terminally differentiated Drosophila cells than in embryonic cells. Interestingly, while in various mammalian tissues heterochromatin, maturation is associated with the expansion of Pc/H3K27me3 domains [70], in Drosophila neurons, it mainly relies on the genome-wide spreading of HP1a [49,72].



In differentiated cell types, the HP1a occupancy in LADs may be mediated by its capacity to form liquid droplets resulting in the phase separation of heterochromatin and euchromatin [73,74]. As the efficiency of phase separation, among others, may be determined by the kinetics of HP1a binding to its targets [75], in the postmitotic terminally differentiated cells, such as neurons, HP1a may have sufficient time to form liquid droplets on the transposable element (TE) insertion sites, abundant in LADs and then to spread on the adjacent chromatin [49]. In support of this idea, it was found that the postmitotic state, but not the differentiation per se, is necessary for accumulation of heterochromatin in terminally differentiated cells [76]. Moreover, a spreading of H3K9me2-modified heterochromatin from the TEs on nearby DNA was found to occur at distances of up to 20-kb in Drosophila [77]. Finally, the concentration of HP1a in the nucleus may also be an important parameter for HP1a spreading along chromosome arms [75].




5. Loss of NL-Chromatin Tethering Is Linked to Drastic Alterations of Chromosome Architecture


Cellular senescence is an irreversible arrest of the cell cycle in response to stress induced by activated oncogenes, DNA damage, oxidants, or telomere shortening [78]. A common characteristic is the formation of senescence-associated heterochromatin foci (SAHF) [79] which represent the condensed individual chromosome territories. These consist of the H3K9me3-enriched central cores with the outer layers containing H3K27me3-marked chromatin (Figure 2) [80,81]. Remarkably, the oncogene-induced senescence (OIS) is associated with the down-regulation of A- and B-type lamins as well as of some NETs including LBR [82,83], implying that in these cells the main heterochromatin tethers are disrupted. Similarly, a decline in the level of B-type lamin was revealed during normal aging in both humans and Drosophila [69,84].



The question then arises whether the absence of lamins is the cause or the consequence of senescence. In fact, depletion of lamin B1 induces premature senescence and SAHF formation in some human cell lines [9,10,82,83], pointing to a causative role for lamin B1 but not in others [84]. Regardless, the detachment of heterochromatin from the NL seems to be an important prerequisite for SAHF formation. Indeed, according to ChIP or DamID with lamin B1, NL-chromatin interactions appear to be drastically reduced in OIS cells compared to cycling cells, with the H3K9me2/3-enriched constitutive LADs being especially affected [9,85]. At the same time, regions carrying H3K27me3 mark are partially retained at the nuclear periphery upon OIS [9,85]. Strikingly, according to DamID [85], but not to ChIP-seq [9], chromosomal regions containing actively expressed genes begin to interact with the remains of the NL upon OIS (Figure 2), thus indicating that the transient contacts but not the attachment of active chromatin to disrupted NL is enhanced in OIS cells. Hi-C analysis of the three-dimensional chromatin organization reveals the preservation of the genome-wide TAD profile upon OIS [86]. Remarkably, consistent with the aggregation of H3K9me3-marked heterochromatin in SAHF, distant interactions between TADs that were attached to the NL and enriched with H3K9me3 in cycling cells are increased upon OIS [86]. The interactions within TADs are altered depending on their NL-attachment status in cycling cells: upon OIS, the interactions within the NL-attached TADs are reduced, while they are enhanced within other TADs [86]. These findings indicate that NL-attached TADs become less compact after they have lost interactions with the NL.



Interestingly, FISH analysis performed on cells undergoing replicative senescence (RS), which also lack peripheral heterochromatin [87] but infrequently form SAHF, indicates that whole chromosome territories become more compact in RS cells [88]. In agreement with the general compaction of chromosomes, Hi-C interactions in RS cells appear to be uniformly increased within TADs, without any dependence on chromatin state or NL-attachment [88]. However, long-range Hi-C interactions are decreased relative to the cycling cells [88]. Criscione et al. [88] suggest that the general chromatin condensation observed in RS cells may be attributed to the long-lasting maturation of the RS phenotype (months) as compared to the short maturation time during OIS (days).



Another example of strong alterations of chromosome architecture comes from the studies of Hutchinson-Gilford progeria syndrome (HGPS) which is caused by the mutated form of lamin A [89]. Microscopy observations indicate that in HGPS fibroblasts, tethering of heterochromatin to the NL is abolished [90]. Nevertheless, HGPS cells do not form SAHF-like structures, likely because they contain a reduced level of H3K9me3 [91]. In agreement with the loss of peripheral heterochromatin, H3K27me3 methylation in the regions losing lamin A/C binding is also diminished in HGPS cells [92]. In contrast, at the same time some of the gene-rich regions gain both the H3K27me3 mark and lamin A/C binding [92]. Hi-C analysis demonstrates a profound decline in long-range interactions at later passages of HGPS cells associated with premature senescence [92]. This resembles the RS cells [88] although with a higher degree of compartmentalization loss.



One of the most radical changes in chromosome architecture was described in the mature rod photoreceptor cells of animals with nocturnal vision [32]. Their “inverted” nuclear organization is characterized by the coalescence of constitutive heterochromatin in the single chromocenter in the middle of nucleus, with the concentric layer of facultative heterochromatin around it and a thin euchromatin layer adjoining the NE (Figure 2) [32,93]. Such an organization is mediated by the loss of both LBR and lamin A/C, which is sufficient for chromatin detachment from the NE [16]. Although chromatin in rod photoreceptor cells is noticeably depleted of the “open”, accessible configuration [94,95], B-type lamins as well as many other genes are actively expressed in these cells [32,95]. Positioning of euchromatin at the nuclear periphery raises the question whether these cells contain LADs consisting of active chromatin. This seems likely since a fraction of LADs in OIS cells contain actively expressed genes [85]. It was intriguing to find out what happens with the chromosome architecture at the TAD level in this specific type of terminally differentiated cells. Surprisingly, Hi-C analysis has shown that TADs were unaffected by the inversion [96]. Moreover, chromatin compartmentalization was also not impaired in rod photoreceptors compared to cells with the conventional architecture [96]. Based on polymer modelling, the authors propose that the loss of anchorage of heterochromatin at the NL along with the ability to aggregate of different heterochromatin regions - drives the inverted nuclear organization, whereas the attachment of heterochromatin to the NL is required for the maintenance of conventional nuclear architecture [96].




6. Conclusions


We assume the existence of at least three types of NL-chromatin tethering mechanisms. NL components may bind with either modified (1) or unmodified (2) nucleosomes or with the specific DNA motifs (3) present in LADs (Figure 1). As LADs in mammals and nematode contain H3K9me2/3-modified nucleosomes along their length, the components of the NL which bind this mark, such as LBR/HP1α [18,97,98] or PRR14/HP1α [11,12] in mammals and CEC-4 [15] in nematode, maintain LAD attachment to the NE. In postmitotic Drosophila neurons, LADs bound by HP1a [49] might hypothetically be attached to the NE with the involvement of the same mechanism. In mammals, the YY1 protein interacting with the H3K27me3 mark, which is enriched at LAD borders, also participates in LAD tethering [99]. These types of interactions represent NL-chromatin tethering mechanism of the first type. Another potential mechanism may rely on the unspecific binding of lamins with the non-modified nucleosomes in LADs [33]. It is exemplified by a fraction of LADs in Drosophila Kc167 and, likely, S2 cells which are devoid of acetylation as well as of H3K9 and H3K27 methylation [67,100]. Finally, sequence-specific recognition of (GA)n motifs by the cKrox/HDAC3/Lap2β complex in mammals [11] represents an example of the third type of NL-chromatin interactions. Chromatin tethering to the NL via HDAC3 also operates in Drosophila S2 cells [13]. Three types of tethering may be redundant with the varying impact of each one in different cell types or organisms.



The effect of NL disruption on gene expression appears to be rather weak, at least in the early embryonic cells [33,40]. It was suggested that in Drosophila S2 cells, NL compacts and deacetylates LADs mainly in order to suppress the background transcription within them [33]. However, in differentiated cell types, the lack of specific NL components affects gene expression more severely [25,68,101], although, in case of loss of the A-type lamin, it is not clear to what extent it happens at the NL or in the nuclear interior.



Upon chromatin release from NL-tethering, several types of chromosome architecture were described: for example, removal of total chromatin from the NE with its slight shrinkage and LAD decompaction in Drosophila [33]; decompaction of a fraction of LADs in mESCs [34]; heterochromatin redistribution, formation of SAHF, and LAD decompaction upon OIS in mammals [79,85,86]; peripheral heterochromatin loss and general chromosome compaction without SAHF formation upon RS in mammals [87,88]; peripheral heterochromatin loss not accompanied by SAHF formation in HPGS cells [92]; and “inverted” nuclear architecture in mouse rod photoreceptors [32] (Figure 2).



What might be the reason(s) for such variation in nuclear organization triggered by the same cause? Obviously, loss of NL-tethering is only one of the factors that affect the formation of non-conventional architecture. The duration of the post-mitotic phase as well as heterochromatin composition (in particular, its HP1/H3K9me2/3-enrichment) may also be responsible, at least in part, for the diverse outputs. Heterochromatin/euchromatin phase separation mediated by HP1/H3K9me2/3 interactions [73,74,97,98] likely determines the aggregation of LADs into several SAHF in OIS cells or into a single, central heterochromatin focus in rod photoreceptor cells. In Drosophila S2 cells, LADs in chromosome arms are almost completely devoid of this type of heterochromatin [67,100]. Moreover, in the late-passage HGPS cells, the H3K9me3 mark is reduced [91] and SAHF-like structures are rarely detected. Yet, some other factors should be invoked to model the peculiarities of chromosome organization upon loss of NL-tethering. Nevertheless, we now know that detachment of chromatin from the NE, at least in some cases, results in its overall contraction [33,88], while the released TADs become decompacted [33,34,86]. Altogether, these studies provide clear evidence that NL-chromatin interactions play a key role in the maintenance of the conventional nuclear architecture, while their disturbances, occurring upon cell senescence, aging, in rare cases of normal differentiation, or in lamin-associated diseases, cause strong alterations of chromatin organization in interphase nucleus.
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Figure 1. Schematic representation of the main NL-chromatin tethering mechanisms. 
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Figure 2. Schematic representation of different types of chromosome architecture generated upon loss of NL-chromatin tethering. (a) Conventional nuclear architecture in most mammalian cell types. (b) Nuclear architecture in Drosophila S2 cells lacking both A- and B-type lamins. (c) Nuclear architecture upon OIS or RS. (d) “Inverted” nuclear architecture in rod photoreceptors. 
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