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Abstract: Lamin B receptor (LBR) is an integral protein of the inner nuclear membrane, containing
a hydrophilic N-terminal end protruding into the nucleoplasm, eight hydrophobic segments that
span the membrane and a short, nucleoplasmic C-terminal tail. Two seemingly unrelated functions
have been attributed to LBR. Its N-terminal domain tethers heterochromatin to the nuclear periphery,
thus contributing to the shape of interphase nuclear architecture, while its transmembrane domains
exhibit sterol reductase activity. Mutations within the transmembrane segments result in defects
in cholesterol synthesis and are associated with diseases such as the Pelger–Huët anomaly and
Greenberg skeletal dysplasia, whereas no such harmful mutations related to the anchoring properties
of LBR have been reported so far. Recent evidence suggests a dynamic regulation of LBR expression
levels, structural organization, localization and function, in response to various signals. The molecular
mechanisms underlying this dynamic behavior have not yet been fully unraveled. Here, we provide
an overview of the current knowledge of the interplay between the structure, function and localization
of LBR, and hint at the interconnection of the two distinct functions of LBR.
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1. Introduction

A defining feature of eukaryotic cells is the presence of a membrane-enclosed nucleus. The nuclear
envelope (NE) that surrounds the nucleus is composed of the outer nuclear membrane (ONM), which
faces the cytoplasm and is continuous with the rough endoplasmic reticulum (ER), and the inner
nuclear membrane (INM), which faces the nucleoplasm and is underlain by a filamentous meshwork,
the nuclear lamina. The INM and the nuclear lamina, besides their pivotal contribution in nuclear
architecture, also play a key role in chromatin organization and gene regulation by providing a
platform for clustering specifically modified chromatin [1–3]. Genes in the NE-associated chromatin
areas are typically repressed, while artificial tethering experiments suggest that proteins of the INM
and the lamina can contribute to this repression [1,2,4]. Over 100 transmembrane proteins are found
embedded and/or retained at the INM [5]. Only a few of these proteins have been characterized so
far, and these studies bring up some interesting issues [6–10]. The intrinsic INM proteins are often
organized in large multimeric complexes, associate both with lamina and chromatin, and also mediate
the anchoring of a variety of regulatory proteins at the nuclear periphery. LBR is probably the most
well-studied integral protein of the INM (Figure 1A).
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Figure 1. (A) Schematic illustration of full-length LBR. Green, yellow and red boxes correspond to 
tudor (Met 1 to Phe 60), arginine/serine (RS; Arg 61 to Arg 89) and second globular regions (Pro 90 to 
Gly 211 in human LBR), respectively, that compose the hydrophilic nucleoplasmic domain, while 
TDI–TDVIII represent the eight transmembrane domains where the sterol reductase activity of LBR 
resides. The binding sites for histones H3/H4, DNA, lamin B and HP1 are illustrated. Arrows indicate 
the positions of the missense mutations R583Q and N547D that result in the production of full-length 
LBR which lacks sterol reductase activity, and the frame shift mutations p.G11E fs X24 and p.Y468T 
fs X475 that create premature stop codons in codons 24 and 475, respectively; (B) Alignment of the 
chicken and human RS domain sequences. Numbers indicate the number of amino acid residues from 
the N-terminus. Red, yellow and green marks indicate the serine residues in chicken LBR 
phosphorylated by CDK1, SRPK1 and Akt kinases, respectively. 

LBR is one of the most important proteins of the INM, mediating the peripheral tethering of 
heterochromatin at early developmental stages [4] and in cycling cancer cells [11]. On the other hand, 
on the basis of the sterol C14 reductase activity exhibited by its transmembrane domains, it has been 
proposed that many human cells in culture depend on LBR to produce cholesterol [12]. In this review, 
we summarize the progress that has been made in our understanding of the molecular mechanisms 
underlying the complex crosstalk between structure, function and localization of this multifaceted 
INM component, whilst also trying to address the question of why evolution “created a chimeric 
protein”, piecing together a sterol metabolism enzyme and an INM membrane architectural protein. 

Figure 1. (A) Schematic illustration of full-length LBR. Green, yellow and red boxes correspond to
tudor (Met 1 to Phe 60), arginine/serine (RS; Arg 61 to Arg 89) and second globular regions (Pro 90
to Gly 211 in human LBR), respectively, that compose the hydrophilic nucleoplasmic domain, while
TDI–TDVIII represent the eight transmembrane domains where the sterol reductase activity of LBR
resides. The binding sites for histones H3/H4, DNA, lamin B and HP1 are illustrated. Arrows indicate
the positions of the missense mutations R583Q and N547D that result in the production of full-length
LBR which lacks sterol reductase activity, and the frame shift mutations p.G11E fs X24 and p.Y468T fs
X475 that create premature stop codons in codons 24 and 475, respectively; (B) Alignment of the chicken
and human RS domain sequences. Numbers indicate the number of amino acid residues from the
N-terminus. Red, yellow and green marks indicate the serine residues in chicken LBR phosphorylated
by CDK1, SRPK1 and Akt kinases, respectively.

LBR is one of the most important proteins of the INM, mediating the peripheral tethering of
heterochromatin at early developmental stages [4] and in cycling cancer cells [11]. On the other hand,
on the basis of the sterol C14 reductase activity exhibited by its transmembrane domains, it has been
proposed that many human cells in culture depend on LBR to produce cholesterol [12]. In this review,
we summarize the progress that has been made in our understanding of the molecular mechanisms
underlying the complex crosstalk between structure, function and localization of this multifaceted
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INM component, whilst also trying to address the question of why evolution “created a chimeric
protein”, piecing together a sterol metabolism enzyme and an INM membrane architectural protein.

2. LBR Targeting to the Nuclear Envelope

INM proteins are synthesized on the surface of the ER membrane, from which they move laterally
by diffusion to the ONM. They then diffuse without restriction between the ONM and the INM
through the nuclear pores, but are preferentially retained at the INM due to interactions with nuclear
components such as chromatin and/or lamins [13–15]. Recent observations from Ungricht et al. [16]
and Boni et al. [17] support such a diffusion–retention-based mechanism for targeting LBR to the
inner nuclear membrane. While soluble macromolecules pass through the central channel of the
nuclear pores with the assistance of importins and nucleoporins carrying phenylalanine–glycine
(FG)-rich repeats, LBR and other integral INM proteins pass through peripheral channels [16–18].
The nucleoporin53–93 subcomplex facilitates the translocation process by properly forming the
peripheral gateways for INM proteins, while energy in the form of ATP is also required [16,17,19].

According to the initial studies from Smith and Blobel [13] and Soullam and Worman [14], two
structural features of LBR jointly contribute to its NE localization. The first element resembles a
bipartite nuclear localization signal (NLS) and consists of two basic segments (from Arg 63 to Arg 79
and from Arg 93 to Lys 108 in chicken LBR) in the N-terminal nucleoplasmic domain. The second
targeting signal resides in the first transmembrane domain (residues 241–246 of chicken LBR). Based
on these data, a GFP-fusion protein (LBR1TM-GFP) encompassing the N-terminal domain and the
first transmembrane segment of human LBR (residues 1–238) has been widely used as a reporter to
follow the association with the NE [15–17,20]. Recent data from Giannios et al. confirmed that the
N-terminal targeting signal (from Gln 62 to Glu 112 in human LBR) is essential for translocation and
retention of LBR into the cell nucleus [21]. However, even if residues within this domain are engaged
in interactions with heterochromatin and/or lamin B, these interactions on their own are not sufficient
to concentrate LBR at the nuclear periphery, and a transmembrane domain is also required [21]. It
does not have to be necessarily the first transmembrane domain, as initially suggested by Smith and
Blobel [13] and Soullam and Worman [14], since a GFP-fusion protein containing the whole N-terminal
nucleoplasmic domain and transmembrane domain VI, instead of transmembrane domain I, exhibited
similar properties with LBR1TM-GFP when assayed by fluorescence recovery after photobleaching
(FRAP) analysis [21].

Another interesting issue arising from the study of Giannios et al. [21] is that the diffusional
mobility of LBR differed significantly along the NE, depending on which subregion of the NE was
probed. This regional variation is indicative of a non-uniform distribution of LBR along the INM [21,22].
Furthermore, various amino-terminal and transmembrane deletions affected differently LBR dynamics
at the nuclear envelope, either reducing or increasing its diffusional mobility, suggesting that LBR
configuration is fine-tuned by a complex network of structural features and interactions between
various domains [21].

3. Regulation of LBR by Post-Translational Modifications

Phosphorylation of the arginine/serine (RS) region, which consists of four (human LBR) or
five (avian LBR) consecutive RS dipeptides and is located at the nucleoplasmic N-terminal domain
(Figure 1B), plays critical roles in the regulation of LBR structure and localization. Initially, an
LBR-associated kinase targeting the RS repeats was purified from turkey erythrocytes and partially
characterized [23]. This RS kinase activity was subsequently identified as SRPK1, and was shown to
phosphorylate all serine residues within the RS domain of LBR [24,25] (Figure 1B). A highly conserved
RSRSPGR peptide sequence, partially overlapping with the RS repeats, serves as a docking motif of
SRPK1. This peptide, as suggested by molecular dynamics simulations, may promote unfolding of
the adjacent RS repeats prior to their phosphorylation [26]. The serine residues of the C-terminal RS
dipeptides (especially Ser80 and Ser82 in chicken LBR, see Figure 1B) that conform to the consensus
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recognized by Akt kinases (RXRXXS/T) are also targeted by Akt1 and Akt2 [27]. Moreover, according
to the Scansite Motif Scanner (http://scansite.mit.edu/motifscan_seq.phtml), a motif-profile-scoring
algorithm generated by Yaffe and Cantley which takes into consideration not only the phosphorylation
motif but also the influence of the flanking residues [28], the serine residues of the RS region are all
considered as potential targets of CLK kinases. CLK-mediated phosphorylation is very likely to occur
in vivo, since CLK kinases efficiently phosphorylate RS domain-containing proteins [29,30].

LBR molecules have the tendency to self-associate in vitro through their RS domains and form
oligomers that are mostly insoluble [22,31–33]. A considerable portion of native LBR at the INM also
resides at closely spaced but distinct microdomains, which are clearly detectable by both conventional
and super-resolution light microscopy [21,22]. The existence of these microdomains that contain
predominantly immobile “aggregated” LBR molecules, and areas of the INM that contain mostly
mobile, non-oligomerized LBR molecules, probably accounts for the differences in diffusional mobility
obtained in fluorescence recovery after photobleaching and fluorescence loss in photobleaching
(FRAP/FLIP) assays [21]. The entrapped molecules in the microdomains are better retained in the INM
and diffuse with difficulty, whereas the “free” LBR molecules shift continuously throughout the NE–ER.
Phosphorylation alters the RS repeats’ conformation, and induces the formation of an Arg-claw-like
structure exposing phosphate groups to the periphery [26], very similar to the structure found in the
case of the phosphorylated RS domain of SRSF1 (ASF/SF2) [34]. In vitro, this structural alteration
results in the dissociation of the oligomers with a concomitant increase in solubility [31,33]. Thus, it is
reasonable to speculate that phosphorylation of the RS dipeptides may regulate the oligomerization
state of LBR in vivo. In line with this hypothesis, it was recently reported that ELYS, a component of
the nuclear pore complex (NPC), regulates the localization of LBR by modulating its phosphorylation
state [35]. ELYS depletion by specific siRNAs inhibited the activity of protein phosphatase 1, and
accordingly promoted the phosphorylation of serine residues within the RS domain. As a result, LBR
was not confined to the nuclear envelope, and became dispersed throughout the ER. On the contrary,
the nuclear envelope localization of LBR was maintained upon treatment of cells with SRPIN340,
a specific inhibitor of SRPKs [36]. Interestingly, the observed mislocalization was restricted to LBR, as
other INM proteins, such as emerin and Lap2, were not obviously affected by ELYS depletion [35].

One intriguing question concerns the proportion of LBR molecules that are phosphorylated,
as well as the stoichiometry of the phosphorylation of every single LBR molecule. Given that the
vast majority of confocal images from normal and cancer cells in interphase show that LBR localizes
to the nuclear rim [see indicatively refs [4,15,21], we estimate that the extent of phosphorylation is
limited, and that the majority of LBR molecules are multimerized and organized in microdomains.
In line with this suggestion, both SRPK1 and Akt kinases are mainly present in the cytoplasm, and
their translocation to the nucleus is tightly controlled by specific upstream signaling events [37–40].
On the contrary, LBR becomes hyperphosphorylated at the beginning of mitosis. An unknown cell
cycle-dependent signal triggers the translocation of SRPK1 to the nucleus at the G2/M boundary,
while the kinase also becomes upregulated [37,41]. Furthermore, the most prominent mitotic kinase,
cdk1, phosphorylates Ser71 (in both human and chicken LBR) just upstream of the RS domain [42,43]
(Figure 1B). These combined phosphorylation events probably result in the complete dissociation of
the oligomeric structures, render LBR highly mobile, and promote the disassembly of the NE.

While phosphorylation has been extensively studied, very little is known about other
post-translational modifications of the protein. There is only one report on the O-β-linked
N-acetyl-glucosaminylation (O-GlcNAcylation) of a serine residue (Ser 96) downstream of the RS
domain of rat LBR [44]. The cross-talk of this modification with phosphorylation is unknown, while
this serine residue is not conserved in homologous avian or human LBR. Further studies are therefore
required to unravel the significance of O-GlcNAcylation, and to see whether LBR molecules from other
species can also be O-GlcNAcylated and under what cellular conditions.

http://scansite.mit.edu/motifscan_seq.phtml
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4. The Intricate Roles of LBR at the Nuclear Envelope

4.1. LBR Tethers Heterochromatin to the INM in Undifferentiated Cells

The highly-ordered organization of chromatin constitutes a basic feature of nuclear architecture
and plays an important role in the regulation of gene expression [45]. Most eukaryotic cells display a
conventional nuclear organization with heterochromatin underlying the INM and the nucleoli, whereas
euchromatin is located at the nuclear interior [4,46,47]. Recently, Solovei et al. demonstrated that
peripheral tethering of heterochromatin occurs via LBR in early developmental stages and via lamin
A/C in differentiated cells [4] (Figure 2). While LBR binds chromatin directly [6,22,25,32,48,49], lamin
A/C functions as a chromatin tether indirectly, probably through other chromatin-interacting proteins,
such as LEMD ([LAP2/emerin/MAN1] domain-containing) proteins [8,10,50,51]. Importantly, in
cells lacking both LBR and lamin A/C, peripheral heterochromatin cannot be maintained and
becomes clustered in the nuclear interior [4]. The so-called “inverted nuclear organization”, where
heterochromatin condenses in the nuclear center and euchromatin is displaced to the periphery,
occurs naturally in rod photoreceptors of nocturnal mammals, in which both LBR and lamin A/C are
missing [52]. Ectopic expression of LBR in these cells counteracts the inverted nuclear organization and
results in chromatin relocalization to the nuclear periphery [4]. Furthermore, in mouse cells which do
not express lamin A/C, such as lymphocytes, knockdown of LBR leads to internalization of peripheral
heterochromatin [4].
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Figure 2. Schematic illustration of heterochromatin tethering to the INM. LBR directly tethers
heterochromatin in undifferentiated and cancer cells (left panel), while lamin A/C indirectly
tethers heterochromatin in differentiated cells, probably through the LEMD ([LAP2/emerin/MAN1]
domain-containing) proteins. From Solovei et al. [4] with permission from Elsevier.

A similar chromatin relocalization occurs in mouse olfactory sensory neurons (OSNs). In this
system, only one out of 2800 olfactory receptor (OR) genes is expressed per olfactory neuron, while
the remaining receptor genes, which are located at different chromosomes, aggregate into large
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nuclear foci, thus ensuring their effective silencing [53]. The heterochromatinization of OR genes
is concomitant with a global internalization of peripheral heterochromatin, and is a result of LBR
downregulation as the neurons develop [53]. Restoration of LBR expression to OSNs reverses the
inverted nuclear organization and peripheral heterochromatin is moved towards the nuclear periphery.
As a consequence, OR gene aggregation is disrupted and a large number of ORs are expressed.
Furthermore, in an olfactory placode-derived cell line (OP6), which appears to be an intermediate state
between a typical non-OSN cell and a fully differentiated OSN, LBR is diffusely distributed inside
the nucleus [54]. The dispersed nuclear localization of LBR is associated with relocation of peripheral
heterochromatin to the nuclear interior along with LBR [54].

An exception to the model that LBR is expressed in undifferentiated or early differentiated states,
while the expression of lamin A/C is linked to differentiation, is seen in the nuclear morphology of
blood granulocytes [6]. During the process of granulopoiesis, the levels of lamin A/C are significantly
reduced, whereas LBR is strongly upregulated. Concurrently, the nucleus undergoes indentation,
and chromosomal regions are displaced from the nuclear interior into the nuclear periphery [55–57].
The lobulated nuclear shape facilitates the deformation of neutrophils, the most abundant type of
granulocytes, through narrow spaces of tissues, while their motility would be severely hindered
by a round-shaped typical nucleus [58]. In LBR knockdown cells, the differentiated granulocyte
nuclei become ovoid with redistributed heterochromatin [56]. These knockdown cells provide an
in vitro model for genetic disorders such as the Pelger–Huët anomaly in humans [59] and ichthyosis
in mice [60,61], both of which are caused by mutations in the LBR gene leading to a complete or partial
lack of functional LBR. The nuclei from neutrophils of individuals who are carriers of the Pelger–Huët
anomaly are hyposegmented [57,59], while homozygous ichthyosis mice exhibit ovoid neutrophil
nuclei on blood smears with a characteristic inverted nuclear organization.

LBR also tethers heterochromatin to the INM in cycling cancer cells [11] (Figure 2). Interestingly,
LBR was shown to prevent cellular differentiation, whereas lamin A/C promoted it [4,62]. In addition,
certain types of cancer cells have reduced levels of lamin A/C as compared with their nonmalignant
progenitors [63,64]. Downregulation of LBR by small hairpin RNAs led to the relocation of
heterochromatin from the nuclear periphery to the nucleoplasm [11]. Furthermore, similarly to
the differentiation state of normal cells, induction of cellular senescence by oncogene activation or by
γ-irradiation significantly decreased the levels of LBR, while heterochromatin detached from the INM
and condensed in the nuclear interior into irregular structures resembling cords [11,65]. Yet, according
to another report, LBR was redistributed in the nucleoplasm and also in the cytoplasm of Hela cells
following 5-bromodeoxyuridine-induced senescence [66]. In all three reports, a significant decrease of
lamin B expression was observed, implying that the regulation of both LBR and lamin B is interrelated.
Importantly, the reduction (or mislocalization) of LBR and lamin B, and the consequent relocation
of chromatin to the nuclear interior, are consequences and not causes of senescence. The senescence
phenotype was not manifested in cell lines with reduced LBR and lamin B expression, and other factors
(such as DNA damage) were required to trigger senescence [11].

Finally, LBR was shown to specifically associate with the Xist long noncoding RNA, and to thus
tether the X chromosome to the INM and inactivate it during development in female mammals [67,68].
The recruitment of the X chromosome to the nuclear periphery changes its overall structure, enabling
Xist and its associated transcriptional repressors to silence transcription.

4.2. LBR–Chromatin Interactions and Functional Consequences

LBR binds to chromatin via its first globular/tudor (from Met 1 to Phe 60 in human LBR) and RS
(from Arg 61 to Arg 89 in human LBR) domains (see Figure 1). Deletion of either the tudor or the RS
domain reduced binding to chromatin and increased the diffusional mobility of the respective LBR
mutants at the NE [20,21,32,69]. Chromatin pulled-down by LBR was enriched in trimethylated Lys
9 and Lys 29 histone H3 (H3K9me3, H3K29me3), which are considered as typical heterochromatin
marks [22]. LBR probably stabilizes/maintains heterochromatin structure by inducing chromatin
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compaction [32]. Compaction is mediated by the specific interaction of dimethylated Lys 20 histone
H4 (H4K20me2) with the tudor domain and the multimerization activity of the RS domain [32].
The requirement of multimerized RS domains to observe compacted chromatin suggests that the
RS dipeptides are mainly dephosphorylated, since phosphorylation results in the dissociation of
oligomers [31,33,35]. Studies on the disassembly and reassembly of NE during mitosis further confirm
the suggestion that phosphorylation inhibits the chromatin binding activity of LBR. At the beginning
of NE breakdown, hyperphosphorylated “free” and highly mobile LBR molecules dissociate from
chromatin and disperse in the ER [15,25,43]. The high extent of phosphorylation also functions as
a switch, preventing premature membrane assembly around chromosomes [43]. In late anaphase,
PP1/2A dephosphorylates LBR, which allows oligomerization of the RS domains and subsequent
chromatin association [43,70].

Peripheral localization of chromatin principally coincides with transcriptional silencing [71].
In line with these earlier observations, Hirano et al. demonstrated that GAL-4 fused LBR repressed
transcription of a reporter plasmid [32]. Transcriptional repression was a consequence of chromatin
compaction, but also required recruitment of transcriptional modulators/repressors, such as HP1,
MeCP2 and possibly lamin B. HP1 is a strong transcriptional repressor which binds to the second
globular domain (from Pro 90 to Gly 211 in human LBR) [72,73], while MeCP2—which interacts
with Sin3A, thereby recruiting histone deacetylases—and lamin B bind to both the tudor and RS
domains [69,74] (see Figure 1A). In this respect, deletion of either the second globular domain, which
does not seem to function in chromatin compaction, or the tudor and RS domains, significantly reduced
the transcriptional repression activity of LBR.

Thus, the nucleoplasmic domain of LBR binds to, compacts and silences chromatin by concealing
the transcription factor binding sites and recruiting transcriptional modulators. Yet, it is rather
unlikely that the nucleoplasmic domain of a single LBR molecule can bind concomitantly to
adjacent nucleoplasmic domains [22,31–33], DNA [31,48,49], histones H3 and H4 [22,32,67,75],
lamin B [23,32,48,67,76] and transcriptional repressors [32,69,71,74]. The RS region, for example,
which is only 30 amino acids in length, mediates multimerization of the N-terminal domain, but
is also implicated in interactions with DNA, histones H3 and H4, lamin B and MeCP2. Even if the
respective binding sites are partially overlapping, some of these interactions are most likely mutually
exclusive due to steric hindrances. This leads us to support the hypothesis that within microdomains,
various LBR molecules are engaged in different interactions, which are dictated by their extent of
phosphorylation. Unphosphorylated LBR molecules are mostly engaged in multimerization [31–33]
and nucleosome association via DNA [31,48] and/or specifically modified histones [32]. On the other
hand, partially phosphorylated molecules are less multimerized and can bind lamin B [42,77] and
transcriptional repressors. We also need to consider the possibility that less multimerized and/or
non-multimerized molecules may also operate as transient docking sites for free histones before they
get incorporated into heterochromatin [69,78] and protamine, prior to their deposition on sperm
chromatin [79]. In addition, they may interact with ELYS, in the context of reformation of the nuclear
pore complex at the end of mitosis [33], and importin β, during the NE assembly [20].

4.3. LBR C14 Sterol Reductase Activity

LBR can also function as an enzyme catalyzing the reduction of the C14-unsaturated bond of
lanosterol, as part of the metabolic pathway leading to cholesterol synthesis [6]. The C-terminal
transmembrane domains of LBR share extensive sequence homology with another C14 sterol reductase
called TM7SF2 (also known as DHCR14 or SR-1) [80]. In addition, ectopic expression of human LBR
can complement C14 reductase mutants of Saccharomyces cerevisiae [81] and Neurospora crassa [82].
TM7SF2, like most of the enzymes involved in the cholesterol biosynthesis pathway, localizes to the ER
membranes, and its expression is regulated by the sterol regulatory element-binding protein (SREBP) in
response to cellular cholesterol levels; whereas LBR is an inner nuclear membrane protein, and the LBR
gene lacks an SRE consensus sequence, thus being constitutively expressed [12,83]. Disruption of the
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gene encoding TM7SF2 in mice does not impair cholesterol synthesis, implying that LBR complements
C14 sterol reductase activity in TM7SF2-/-mice [84]. By contrast, in homozygous ichthyosis
mice that lack LBR, TM7SF2 seems to be inadequate to compensate for the LBR deficiency [61].
Strikingly, on the basis of structural similarities between an integral membrane sterol reductase
from Methylomicrobium alcaliphilum and the enzyme isoprenylcysteine carboxyl methyltransferase,
Li et al. recently suggested that the sterol reductase domain of LBR may, in addition, recognize and
carboxymethylate the farnesylated cysteine of substrates such as prelamin A and/or lamin B [85].

Over the last few years, an increasing body of data has led to the notion that the C14
sterol-reductase activity of LBR is distinct from its chromatin-anchoring properties and is critical
not only for certain cell functions but also for cell viability [12,86]. Tsai et al. demonstrated that many
human cells strictly depend on LBR to produce cholesterol [12]. One critical issue not addressed
in the studies supporting that the features of LBR thought to mediate chromatin tethering can be
uncoupled from their role in cholesterol biosynthesis [12,86,87] pertains to the dynamic changes in
chromatin organization in cells lacking a functional LBR. Tsai et al. examined only NE morphology
which was not affected by the lack of LBR [12]. However, Lukášová et al. clearly demonstrated that,
while the phenotypic differences between parental HeLa cells and cells in which LBR was knocked
down were minor, the reduced expression of LBR resulted in the relocation of heterochromatin from
the INM to the nucleoplasm and was associated with its unfolding [11]. Related to this, puzzling
differences in cell growth and viability were observed as a result of LBR knockdown in various human
cells in culture. According to Lu et al., knockdown of LBR by siRNA caused HeLa cell death in the
early G1 phase via apoptosis [20]. Cells could be rescued by expression of exogenous full-length
LBR, but not by its C-terminal transmembrane domains, where the sterol reductase activity resides.
Lukášová et al. showed that shRNA-mediated reduction of LBR expression in U2OS and MCF7 by 78
and 69%, respectively, resulted in significantly slower proliferation rates than the parental cells [11].
Finally, no differences in cell growth were observed by Tsai et al. between parental and LBR-knockout
HeLa, HEK293T and human foreskin fibroblasts cells (complete knockdown using the CRISPR/Cas9
system) under normal growth conditions [12]. Only under cholesterol-restrictive growth conditions
did LBR knockout cells exhibit reduced proliferation rates, cell rounding and detachment, followed
by cell death. Cells could be rescued by expression of either full-length LBR or the C-terminal sterol
reductase domain [12]. These notable discrepancies may reflect the decisive influence of chromatin
structural organization on human cell viability. It is critical to determine whether the non-affected
cell lines described by Tsai et al [12] have an inverted architecture with heterochromatin localizing to
the nuclear interior, or whether these cells retain a layer of heterochromatin tethered to the nuclear
periphery by lamins and other integral INM proteins, thus resembling differentiated cells [4].

4.4. Disease-Associated Mutations in the LBR Gene

LBR mutations cause the human Pelger–Huët anomaly [59], the human Greenberg skeletal
dysplasia which is lethal [87–89] and ichthyosis in mice [61]. Heterozygous LBR mutations lead
to nuclear hyposegmentation of neutrophils without causing disease [6,59,87], while homozygous
LBR mutations cause various malformations ranging from cardiac defects, brachydactyly and mental
retardation (homozygous Pelger–Huët anomaly), severe skin disease (ichthyosis in mice) and prenatal
death (Greenberg dysplasia) [6,87]. Mutations resulting in the Pelger–Huët anomaly are identified
everywhere in the gene, while mutations causing Greenberg skeletal dysplasia are mainly found in
the C-terminal region resulting in abnormality of the hydrophobic transmembrane domains [90,91].
Since mutations causing the Pelger–Huët anomaly result in bilobed neutrophil nuclei in heterozygotes
and unsegmented, ovoid nuclei in homozygotes, the Pelger–Huët anomaly has been characterized
mainly as a laminopathy [6,56,59]. On the contrary, as mutations associated with Greenberg skeletal
dysplasia result in a deficiency of sterol reductase activity and in elevated levels of sterol intermediates,
Greenberg dysplasia has been often characterized as a disease of cholesterol metabolism [12,87,89,91].
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Mutations in the LBR gene can be categorized into two types: missense point mutations, such
as R583Q and N547D [87] (see Figure 1A), and base pair insertions or deletions causing frame shifts
that create premature stop codons, as for example in codons 24 and 475 of human LBR [87] (see
Figure 1A) and in codons 175 and 386 of mouse LBR [61]. Missense mutations result in the production
of full-length LBR which, however, is practically devoid of sterol reductase activity, since both these
amino acid substitutions map to the NADPH binding pocket and significantly reduce its reductive
capacity [12,85]. Mutations creating premature stop codons result in truncated forms of LBR, in which
several transmembrane helices or even larger parts of the molecule are omitted. Interestingly, it was
recently shown that LBR truncation mutants are highly unstable and are rapidly turned over [12].

Truncated forms of LBR—depending on the half-life of the mutated protein and whether mutations
are heterozygous or homozygous—lead to significantly reduced amounts of LBR at the INM, that may
cause severe malformations ranging from hyposegmented nuclei in neutrophils and the Pelger–Huët
anomaly to Greenberg dysplasia [87,91]. Similarly, mutations in the LBR gene that result in complete
loss of its sterol reductase activity [12] are developmentally lethal in humans. In this respect,
homozygosity for mutation N547D was associated with Greenberg dysplasia [87,89,92]. Of particular
interest is the missense mutation R583Q. The individual who was heterozygous for this mutation had
well-lobulated neutrophils and did not show any evidence for the Pelger–Huët anomaly [87]. On the
basis of this data, it was suggested that the structural role of LBR in INM was distinct from its sterol
reductase activity [12,87,91].

5. Our Current View and Perspectives

The nuclear organization of chromatin regions is highly ordered and has a functional impact
on gene regulation [45,93–97]. Heterochromatin primarily resides at the nuclear periphery, whereas
euchromatin predominantly occupies internal nuclear regions. Differentiation of embryonic stem
cells provides a typical example of the link between chromatin architecture and gene expression.
Undifferentiated pluripotent stem cells possess dispersed chromatin within the nuclear interior with
limited compaction, while differentiated cells possess large compact chromatin domains associated
with the nuclear envelope [98]. Furthermore, targeting genes to the nuclear envelope can strongly
affect transcription [71,99–101]. Therefore, the association of a gene locus with a particular nuclear
neighborhood may be the cause of gene activation or repression, rather than the consequence. In
fact, it has recently been suggested that the higher-order folding of chromatin topology may act as a
molecular pathway independent code regulating gene expression [102].

We think that LBR is a key component of the NE, and coordinates gene expression in
undifferentiated cells in response to various stimuli. LBR exists in oligomers that reside in
distinct microdomains at the INM. The microenvironment of a given microdomain conforms
to the various molecular forms and oligomeric states of LBR, due to phosphorylation, possibly
O-GlcNAcylation and/or other as-yet uncharacterized post-translational modifications, and the
consequent cross-interaction between the LBR binding partners, combined with the interactions with
other NE components. The available information on how cell signaling affects the organization
of peripheral heterochromatin is very limited. SRPK1, which is the main kinase targeting RS
dipeptides, has been considered as a kinase highly specific for the SR family of splicing factors,
and most of the existing literature focuses on splicing [29,30]. SRPK1 has been recently reported
to be overexpressed in multiple cancers and exhibit pleiotropic effects that have been attributed to
disturbed alternative splicing, which is a common feature of human tumors [103,104]. In addition,
Akt1 and Akt2 kinases have received much attention in the study of cancer because they are key
mediators of the PI3K-signaling pathway, which is involved in the regulation of cell cycle, proliferation,
apoptosis, protein synthesis and glucose metabolism [39,105]. Interestingly, many cancer cells
exhibit increased nuclear size, irregular nuclear contours and disturbed chromatin distribution,
making nuclear morphology one of the oldest and most commonly used cancer markers [63,106,107].
Thus, overexpression of SRPK1 and/or activation of Akt1/2, combined with their potential nuclear
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translocation due to cancer-related signaling events [30,39,40,105], may account for changes in LBR
binding states and oligomerization forms, resulting in chromatin rearrangement and altered gene
expression (for a provisional model see Figure 3).Cells 2017, 6, 28  10 of 16 
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Figure 3. A provisional model for the LBR–heterochromatin interaction. LBR exists in oligomers
that reside in distinct microdomains embedded within specific INM lipid rafts. LBR is mainly
unphosphorylated and associates with heterochromatin through its tudor (green box) and RS (yellow
box) domains. The second globular domain (red box) may also contribute, to some extent, to
heterochromatin association via HP1. Activation of SRPK1 and/or Akt kinases, combined with
their nuclear translocation due to various stimuli, modifies the oligomerization state of LBR, and
accordingly, its binding to various partners of the LBR complex. We hypothesize that at the same time,
the composition of LBR-associated lipid rafts also changes, either as a direct effect of phosphorylation
or via other signals that regulate the sterol reductase activity and may or may not be related to
phosphorylation. These concomitant alterations result in chromatin rearrangement and altered gene
expression. Hyperphosphorylation of LBR by SRPK1 and Akt (and cdk1 at the beginning of mitosis)
results in the dissociation of oligomers that are no longer embedded in lipid rafts, and the consequent
dissociation of heterochromatin. “Free” LBR molecules exhibit an increased diffusional mobility
throughout NE–ER.

On the other hand, it is well-known that cholesterol levels have a critical impact on the
organization and properties of membrane microdomains, known as lipid rafts [108]. Strikingly,
it was suggested that cholesterol reaches the nucleus and participates in the assembly of nuclear
lipid microdomains that may act as a platform for chromatin anchoring, thus regulating gene
expression [109,110]. Given that LBR is actively involved in cholesterol biosynthesis, its sterol reductase
activity may contribute to the production of cholesterol (and/or derivatives of cholesterol synthesis) at
the microenvironment of NE, leading to the formation of INM lipid rafts, which may act as “niches”
for the multimerized LBR molecules [21,22], but also for other chromatin tethers, such as the various
lamin/integral INM–protein complexes [4,50,51]. These nuclear lipid rafts may, in addition, contribute
directly to chromatin tethering, and it was recently suggested that cholesterol may influence chromatin



Cells 2017, 6, 28 11 of 17

condensation by directly binding to nucleosomes [111]. This may explain the unique role of LBR in
cholesterol biosynthesis, which cannot be compensated for by the ER sterol reductase TM7SF2, even
though both proteins catalyze the same reaction. LBR molecules residing in the ER may contribute to
sustain the total cholesterol levels [21,86]. In line with this notion, Wassif et al. showed that LBR and
TM7SF2 provide substantial enzymatic redundancy with respect to cholesterol synthesis [88].

The role of LBR in nuclear architecture may therefore rely on both its sterol reductase activity,
which provides the necessary cholesterol and/or cholesterol derivatives to assemble nuclear lipid rafts,
and its capacity to form functional oligomers, which are accommodated in these lipid microdomains
and bind nuclear components essential to tether heterochromatin to the INM. This may explain why
truncated forms of LBR that are degraded, and/or LBR mutants that result in complete loss of its
sterol reductase activity, are associated with Greenberg dysplasia and are lethal in humans. For
example, homozygosity for mutations R583Q (that leads to the production of full-length LBR lacking
sterol reductase activity) and c.32delTGGT (that creates a premature stop codon) cause Greenberg
dysplasia [87]. Conversely, an individual who was heterozygous for the missense mutation R583Q had
the same amount of full-length LBR as a “normal”, non-mutant individual, and enough cholesterol
(from the other copy of the gene) to support lobulation of neutrophil nuclei, and accordingly, did not
show any evidence for the Pelger–Huët anomaly [87].

There are several structural and functional issues that need to be addressed in the upcoming
future. Is LBR indeed associated with specific INM lipid “rafts”? What is the diffusional mobility in
the INM of LBR mutants lacking sterol reductase activity? In other words, does the sterol reductase
activity affect the oligomerization properties of LBR molecules? Are the sterol reductase-deficient LBR
mutants organized in microdomains? What type, and how extensive, is the chromatin rearrangement
that occurs in cells carrying these mutants? Does a crosstalk exist between the N- and C-terminal
activities? How do post-translational modifications within the N-terminal nucleoplasmic domain
(phosphorylation, O-GlcNAcylation, and others) affect the sterol reductase activity? Which are the
signals that regulate the sterol reductase activity? Giannios et al. suggested that intra-molecular
interactions exist among the loop segments that connect the transmembrane domains to each other [21].
If such interactions exist, how do they affect the sterol reductase activity and/or adjust the overall
configuration of LBR molecules? Answering the above fundamental questions will help to unravel the
molecular mechanisms underlying the complex crosstalk between the structure and function of the
LBR complex, and furthermore, will shed light on how the expression/repression of particular genes
is regulated at the nuclear periphery.
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11. Lukášová, E.; Kovařík, A.; Bačíková, A.; Falk, M.; Kozubek, S. Loss of lamin B receptor is necessary to induce
cellular senescence. Biochem. J. 2017, 474, 281–300. [CrossRef] [PubMed]

12. Tsai, P.L.; Zhao, C.; Turner, E.; Schlieker, C. The Lamin B receptor is essential for cholesterol synthesis and
perturbed by disease-causing mutations. Elife 2016, 5, e16011. [CrossRef] [PubMed]

13. Smith, S.; Blobel, G. The first membrane spanning region of the lamin B receptor is sufficient for sorting to
the inner nuclear membrane. J. Cell Biol. 1993, 120, 631–637. [CrossRef] [PubMed]

14. Soullam, B.; Worman, H.J. The amino-terminal domain of the lamin B receptor is a nuclear envelope targeting
signal. J. Cell Biol. 1993, 120, 1093–1100. [CrossRef] [PubMed]

15. Ellenberg, J.; Siggia, E.D.; Moreira, J.E.; Smith, C.L.; Presley, J.F.; Worman, H.J.; Lippincott-Schwartz, J.
Nuclear membrane dynamics and reassembly in living cells: Targeting of an inner nuclear membrane protein
in interphase and mitosis. J. Cell Biol. 1997, 138, 1193–1206. [CrossRef] [PubMed]

16. Ungricht, R.; Klann, M.; Horvath, P.; Kutay, U. Diffusion and retention are major determinants of protein
targeting to the inner nuclear membrane. J. Cell Biol. 2015, 209, 687–703. [CrossRef] [PubMed]

17. Boni, A.; Politi, A.Z.; Strnad, P.; Xiang, W.; Hossain, M.J.; Ellenberg, J. Live imaging and modeling of inner
nuclear membrane targeting reveals its molecular requirements in mammalian cells. J. Cell Biol. 2015, 209,
705–720. [CrossRef] [PubMed]

18. Katta, S.S.; Smoyer, C.J.; Jaspersen, S.L. Destination: Inner nuclear membrane. Trends Cell Biol. 2014, 24,
221–229. [CrossRef] [PubMed]

19. Busayavalasa, K.; Chen, X.; Farrants, A.K.; Wagner, N.; Sabri, N. The Nup155-mediated organisation of inner
nuclear membrane proteins is independent of Nup155 anchoring to the metazoan nuclear pore complex.
J. Cell Sci. 2012, 125, 4214–4218. [CrossRef] [PubMed]

20. Lu, X.; Shi, Y.; Lu, Q.; Ma, Y.; Luo, J.; Wang, Q.; Ji, J.; Jiang, Q.; Zhang, C. Requirement for lamin B receptor
and its regulation by importin β and phosphorylation in nuclear envelope assembly during mitotic exit.
J. Biol. Chem. 2010, 285, 33281–33293. [CrossRef] [PubMed]

21. Giannios, I.; Chatzantonaki, E.; Georgatos, S. Dynamics and Structure-function relationships of the Lamin B
Receptor (LBR). PLoS ONE 2017, 12, e0169626. [CrossRef] [PubMed]

22. Makatsori, D.; Kourmouli, N.; Polioudaki, H.; Shultz, L.D.; McLean, K.; Theodoropoulos, P.A.; Singh, P.B.;
Georgatos, S.D. The inner nuclear membrane protein lamin B receptor forms distinct microdomains and links
epigenetically marked chromatin to the nuclear envelope. J. Biol. Chem. 2004, 279, 25567–25573. [CrossRef]
[PubMed]

23. Nikolakaki, E.; Simos, G.; Georgatos, S.D.; Giannakouros, T. A nuclear envelope-associated kinase
phosphorylates arginine-serine motifs and modulates interactions between the lamin B receptor and other
nuclear proteins. J. Biol. Chem. 1996, 271, 8365–8372. [CrossRef] [PubMed]

24. Papoutsopoulou, S.; Nikolakaki, E.; Giannakouros, T. SRPK1 and LBR protein kinases show identical
substrate specificities. Biochem. Biophys. Res. Commun. 1999, 255, 602–607. [CrossRef] [PubMed]

25. Takano, M.; Koyama, Y.; Ito, H.; Hoshino, S.; Onogi, H.; Hagiwara, M.; Furukawa, K.; Horigome, T.
Regulation of binding of lamin B receptor to chromatin by SR protein kinase and cdc2 kinase in Xenopus
egg extracts. J. Biol. Chem. 2004, 279, 13265–13271. [CrossRef] [PubMed]

26. Sellis, D.; Drosou, V.; Vlachakis, D.; Voukkalis, N.; Giannakouros, T.; Vlassi, M. Phosphorylation of the
arginine/serine repeats of lamin B receptor by SRPK1-insights from molecular dynamics simulations.
Biochim. Biophys. Acta 2012, 1820, 44–55. [CrossRef] [PubMed]

http://dx.doi.org/10.4161/nucl.1.1.10515
http://www.ncbi.nlm.nih.gov/pubmed/21327105
http://dx.doi.org/10.1042/BST20110658
http://www.ncbi.nlm.nih.gov/pubmed/22103509
http://www.ncbi.nlm.nih.gov/pubmed/24563347
http://dx.doi.org/10.1016/j.semcdb.2013.12.010
http://www.ncbi.nlm.nih.gov/pubmed/24374011
http://dx.doi.org/10.1016/j.ceb.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25863918
http://dx.doi.org/10.1042/BCJ20160459
http://www.ncbi.nlm.nih.gov/pubmed/27760841
http://dx.doi.org/10.7554/eLife.16011
http://www.ncbi.nlm.nih.gov/pubmed/27336722
http://dx.doi.org/10.1083/jcb.120.3.631
http://www.ncbi.nlm.nih.gov/pubmed/8381121
http://dx.doi.org/10.1083/jcb.120.5.1093
http://www.ncbi.nlm.nih.gov/pubmed/7679672
http://dx.doi.org/10.1083/jcb.138.6.1193
http://www.ncbi.nlm.nih.gov/pubmed/9298976
http://dx.doi.org/10.1083/jcb.201409127
http://www.ncbi.nlm.nih.gov/pubmed/26056139
http://dx.doi.org/10.1083/jcb.201409133
http://www.ncbi.nlm.nih.gov/pubmed/26056140
http://dx.doi.org/10.1016/j.tcb.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24268652
http://dx.doi.org/10.1242/jcs.105809
http://www.ncbi.nlm.nih.gov/pubmed/22718353
http://dx.doi.org/10.1074/jbc.M110.102368
http://www.ncbi.nlm.nih.gov/pubmed/20576617
http://dx.doi.org/10.1371/journal.pone.0169626
http://www.ncbi.nlm.nih.gov/pubmed/28118363
http://dx.doi.org/10.1074/jbc.M313606200
http://www.ncbi.nlm.nih.gov/pubmed/15056654
http://dx.doi.org/10.1074/jbc.271.14.8365
http://www.ncbi.nlm.nih.gov/pubmed/8626534
http://dx.doi.org/10.1006/bbrc.1999.0249
http://www.ncbi.nlm.nih.gov/pubmed/10049757
http://dx.doi.org/10.1074/jbc.M308854200
http://www.ncbi.nlm.nih.gov/pubmed/14718546
http://dx.doi.org/10.1016/j.bbagen.2011.10.010
http://www.ncbi.nlm.nih.gov/pubmed/22056509


Cells 2017, 6, 28 13 of 17

27. Voukkalis, N.; Koutroumani, M.; Zarkadas, C.; Nikolakaki, E.; Vlassi, M.; Giannakouros, T. SRPK1 and Akt
protein kinases phosphorylate the RS domain of Lamin B Receptor with distinct specificity: A combined
biochemical and in silico approach. PLoS ONE 2016, 11, e0154198. [CrossRef] [PubMed]

28. Yaffe, M.B.; Leparc, G.G.; Lai, J.; Obata, T.; Volinia, S.; Cantley, L.C. A motif-based profile scanning approach
for genome-wide prediction of signaling pathways. Nat. Biotechnol. 2001, 19, 348–353. [CrossRef] [PubMed]

29. Giannakouros, T.; Nikolakaki, E.; Mylonis, I.; Georgatsou, E. Serine-arginine protein kinases: A small protein
kinase family with a large cellular presence. FEBS J. 2011, 278, 570–586. [CrossRef] [PubMed]

30. Zhou, Z.; Fu, X.D. Regulation of splicing by SR proteins and SR protein-specific kinases. Chromosoma 2013,
122, 191–207. [CrossRef] [PubMed]

31. Nikolakaki, E.; Drosou, V.; Sanidas, I.; Peidis, P.; Papamarcaki, T.; Iakoucheva, L.M.; Giannakouros, T. RNA
association or phosphorylation of the RS domain prevents aggregation of RS domain-containing proteins.
Biochim. Biophys. Acta 2008, 1780, 214–225. [CrossRef] [PubMed]

32. Hirano, Y.; Hizume, K.; Kimura, H.; Takeyasu, K.; Haraguchi, T.; Hiraoka, Y. Lamin B receptor recognizes
specific modifications of histone H4 in heterochromatin formation. J. Biol. Chem. 2012, 287, 42654–42663.
[CrossRef] [PubMed]

33. Clever, M.; Funakoshi, T.; Mimura, Y.; Takagi, M.; Imamoto, N. The nucleoporin ELYS/Mel28 regulates
nuclear envelope subdomain formation in HeLa cells. Nucleus 2012, 3, 187–199. [CrossRef] [PubMed]

34. Hamelberg, D.; Shen, T.; McCammon, J.A. A proposed signaling motif for nuclear import in mRNA
processing via the formation of arginine claw. Proc. Natl. Acad. Sci. USA 2007, 104, 14947–14951. [CrossRef]
[PubMed]

35. Mimura, Y.; Takagi, M.; Clever, M.; Imamoto, N. ELYS regulates the localization of LBR by modulating its
phosphorylation state. J. Cell Sci. 2016, 129, 4200–4212. [CrossRef] [PubMed]

36. Fukuhara, T.; Hosoya, T.; Shimizu, S.; Sumi, K.; Oshiro, T.; Yoshinaka, Y.; Suzuki, M.; Yamamoto, N.;
Herzenberg, L.A.; Herzenberg, L.A.; et al. Utilization of host SR protein kinases and RNA-splicing machinery
during viral replication. Proc. Natl. Acad. Sci. USA 2006, 103, 11329–11333. [CrossRef] [PubMed]

37. Ding, J.H.; Zhong, X.Y.; Hagopian, J.C.; Cruz, M.M.; Ghosh, G.; Feramisco, J.; Adams, J.A.; Fu, X.D. Regulated
cellular partitioning of SR protein-specific kinases in mammalian cells. Mol. Biol. Cell 2006, 17, 876–885.
[CrossRef] [PubMed]

38. Zhong, X.Y.; Ding, J.H.; Adams, J.A.; Ghosh, G.; Fu, X.D. Regulation of SR protein phosphorylation and
alternative splicing by modulating kinetic interactions of SRPK1 with molecular chaperones. Genes Dev.
2009, 23, 482–495. [CrossRef] [PubMed]

39. Fayard, E.; Xue, G.; Parcellier, A.; Bozulic, L.; Hemmings, B.A. Protein kinase B (PKB/Akt), a key mediator
of the PI3K signaling pathway. Curr. Top. Microbiol. Immunol. 2010, 346, 31–56. [PubMed]

40. Zhou, Z.; Qiu, J.; Liu, W.; Zhou, Y.; Plocinik, R.M.; Li, H.; Hu, Q.; Ghosh, G.; Adams, J.A.; Rosenfeld, M.G.;
et al. The Akt-SRPK-SR axis constitutes a major pathway in transducing EGF signaling to regulate alternative
splicing in the nucleus. Mol. Cell 2012, 47, 422–433. [CrossRef] [PubMed]

41. Gui, J.F.; Lane, W.S.; Fu, X.D. A serine kinase regulates intracellular localization of splicing factors in the cell
cycle. Nature 1994, 369, 678–682. [CrossRef] [PubMed]

42. Nikolakaki, E.; Meier, J.; Simos, G.; Georgatos, S.D.; Giannakouros, T. Mitotic phosphorylation of the lamin B
receptor by a serine/arginine kinase and p34(cdc2). J. Biol. Chem. 1997, 272, 6208–6213. [CrossRef] [PubMed]

43. Tseng, L.C.; Chen, R.H. Temporal control of nuclear envelope assembly by phosphorylation of lamin B
receptor. Mol. Biol. Cell 2011, 22, 3306–3317. [CrossRef] [PubMed]

44. Wells, L.; Vosseller, K.; Cole, R.N.; Cronshaw, J.M.; Matunis, M.J.; Hart, G.W. Mapping sites of O-GlcNAc
modification using affinity tags for serine and threonine post-translational modifications. Mol. Cell Proteomics
2002, 10, 791–804. [CrossRef]

45. Cremer, T.; Cremer, M. Chromosome territories. Cold Spring Harb. Perspect. Biol. 2010, 2, a003889. [CrossRef]
[PubMed]

46. Naumova, N.; Dekker, J. Integrating one-dimensional and three-dimensional maps of genomes. J. Cell Sci.
2010, 123, 1979–1988. [CrossRef] [PubMed]

47. Solovei, I.; Thanisch, K.; Feodorova, Y. How to rule the nucleus: Divide et impera. Curr. Opin. Cell Biol. 2016,
40, 47–59. [CrossRef] [PubMed]

48. Ye, Q.; Worman, H.J. Primary structure analysis and lamin B and DNA binding of human LBR, an integral
protein of the nuclear envelope inner membrane. J. Biol. Chem. 1994, 269, 11306–11311. [PubMed]

http://dx.doi.org/10.1371/journal.pone.0154198
http://www.ncbi.nlm.nih.gov/pubmed/27105349
http://dx.doi.org/10.1038/86737
http://www.ncbi.nlm.nih.gov/pubmed/11283593
http://dx.doi.org/10.1111/j.1742-4658.2010.07987.x
http://www.ncbi.nlm.nih.gov/pubmed/21205200
http://dx.doi.org/10.1007/s00412-013-0407-z
http://www.ncbi.nlm.nih.gov/pubmed/23525660
http://dx.doi.org/10.1016/j.bbagen.2007.10.014
http://www.ncbi.nlm.nih.gov/pubmed/18022399
http://dx.doi.org/10.1074/jbc.M112.397950
http://www.ncbi.nlm.nih.gov/pubmed/23100253
http://dx.doi.org/10.4161/nucl.19595
http://www.ncbi.nlm.nih.gov/pubmed/22555603
http://dx.doi.org/10.1073/pnas.0703151104
http://www.ncbi.nlm.nih.gov/pubmed/17823247
http://dx.doi.org/10.1242/jcs.190678
http://www.ncbi.nlm.nih.gov/pubmed/27802161
http://dx.doi.org/10.1073/pnas.0604616103
http://www.ncbi.nlm.nih.gov/pubmed/16840555
http://dx.doi.org/10.1091/mbc.E05-10-0963
http://www.ncbi.nlm.nih.gov/pubmed/16319169
http://dx.doi.org/10.1101/gad.1752109
http://www.ncbi.nlm.nih.gov/pubmed/19240134
http://www.ncbi.nlm.nih.gov/pubmed/20517722
http://dx.doi.org/10.1016/j.molcel.2012.05.014
http://www.ncbi.nlm.nih.gov/pubmed/22727668
http://dx.doi.org/10.1038/369678a0
http://www.ncbi.nlm.nih.gov/pubmed/8208298
http://dx.doi.org/10.1074/jbc.272.10.6208
http://www.ncbi.nlm.nih.gov/pubmed/9045635
http://dx.doi.org/10.1091/mbc.E11-03-0199
http://www.ncbi.nlm.nih.gov/pubmed/21795390
http://dx.doi.org/10.1074/mcp.M200048-MCP200
http://dx.doi.org/10.1101/cshperspect.a003889
http://www.ncbi.nlm.nih.gov/pubmed/20300217
http://dx.doi.org/10.1242/jcs.051631
http://www.ncbi.nlm.nih.gov/pubmed/20519580
http://dx.doi.org/10.1016/j.ceb.2016.02.014
http://www.ncbi.nlm.nih.gov/pubmed/26938331
http://www.ncbi.nlm.nih.gov/pubmed/8157662


Cells 2017, 6, 28 14 of 17

49. Duband-Goulet, I.; Courvalin, J.C. Inner nuclear membrane protein LBR preferentially interacts with DNA
secondary structures and nucleosomal linker. Biochemistry 2000, 39, 6483–6488. [CrossRef] [PubMed]

50. Worman, H.J.; Schirmer, E.C. Nuclear membrane diversity: Underlying tissue-specific pathologies in disease?
Curr. Opin. Cell Biol. 2015, 34, 101–112. [CrossRef] [PubMed]

51. Thanisch, K.; Song, C.; Engelkamp, D.; Koch, J.; Wang, A.; Hallberg, E.; Foisner, R.; Leonhardt, H.;
Stewart, C.L.; Joffe, B.; et al. Nuclear envelope localization of LEMD2 is developmentally dynamic and lamin
A/C dependent yet insufficient for heterochromatin tethering. Differentiation 2017, 94, 58–70. [CrossRef]
[PubMed]

52. Solovei, I.; Kreysing, M.; Lanctôt, C.; Kösem, S.; Peichl, L.; Cremer, T.; Guck, J.; Joffe, B. Nuclear architecture
of rod photoreceptor cells adapts to vision in mammalian evolution. Cell 2009, 137, 356–368. [CrossRef]
[PubMed]

53. Clowney, E.J.; LeGros, M.A.; Mosley, C.P.; Clowney, F.G.; Markenskoff-Papadimitriou, E.C.; Myllys, M.;
Barnea, G.; Larabell, C.A.; Lomvardas, S. Nuclear aggregation of olfactory receptor genes governs their
monogenic expression. Cell 2012, 151, 724–737. [CrossRef] [PubMed]

54. Kilinc, S.; Meredith, D.T.; Lane, R.P. Sequestration within nuclear chromocenters is not a requirement for
silencing olfactory receptor transcription in a placode-derived cell line. Nucleus 2014, 5, 318–330. [CrossRef]
[PubMed]

55. Olins, A.L.; Zwerger, M.; Herrmann, H.; Zentgraf, H.; Simon, A.J.; Monestier, M.; Olins, D.E. The human
granulocyte nucleus: Unusual nuclear envelope and heterochromatin composition. Eur. J. Cell Biol. 2008, 87,
279–290. [CrossRef] [PubMed]

56. Olins, A.L.; Ernst, A.; Zwerger, M.; Herrmann, H.; Olins, D.E. An in vitro model for Pelger-Huët anomaly:
Stable knockdown of lamin B receptor in HL-60 cells. Nucleus 2010, 1, 506–512. [CrossRef] [PubMed]

57. Zhu, Y.; Gong, K.; Denholtz, M.; Chandra, V.; Kamps, M.P.; Alber, F.; Murre, C. Comprehensive
characterization of neutrophil genome topology. Genes Dev. 2017, 31, 141–153. [CrossRef] [PubMed]

58. Rowat, A.C.; Jaalouk, D.E.; Zwerger, M.; Ung, W.L.; Eydelnant, I.A.; Olins, D.E.; Olins, A.L.; Herrmann, H.;
Weitz, D.A.; Lammerding, J. Nuclear envelope composition determines the ability of neutrophil-type cells to
passage through micron-scale constrictions. J. Biol. Chem. 2013, 288, 8610–8618. [CrossRef] [PubMed]

59. Hoffmann, K.; Dreger, K.; Olins, A.L.; Olins, D.E.; Shultz, L.D.; Lucke, B.; Karl, H.; Kaps, R.; Müller, D.;
Vayá, A.; et al. Mutations in the gene encoding the lamin B receptor produce an altered nuclear morphology
in granulocytes (Pelger-Huët anomaly). Nat. Genet. 2002, 31, 410–414. [CrossRef] [PubMed]

60. Goldowitz, D.; Mullen, R.J. Granule cell as a site of gene action in the weaver mouse cerebellum: Evidence
from heterozygous mutant chimeras. J. Neurosci. 1982, 2, 1474–1485. [PubMed]

61. Shultz, L.D.; Lyons, B.L.; Burzenski, L.M.; Gott, B.; Samuels, R.; Schweitzer, P.A.; Dreger, C.; Herrmann, H.;
Kalscheuer, V.; Olins, A.L.; et al. Mutations at the mouse ichthyosis locus are within the lamin b receptor
gene: A single gene model for human Pelger-Huët anomaly. Hum. Mol. Genet. 2003, 12, 61–69. [CrossRef]
[PubMed]

62. Sola Carvajal, A.; McKenna, T.; Wallén Arzt, E.; Eriksson, M. Overexpression of Lamin B Receptor results in
impaired skin differentiation. PLoS ONE 2015, 10, e0128917. [CrossRef] [PubMed]

63. Zink, D.; Fischer, A.H.; Nickerson, J.A. Nuclear structure in cancer cells. Nat. Rev. Cancer 2004, 4, 677–687.
[CrossRef] [PubMed]

64. De Las Heras, J.I.; Batrakou, D.G.; Schirmer, E.C. Cancer biology and the nuclear envelope: A convoluted
relationship. Semin. Cancer Biol. 2013, 23, 125–137. [CrossRef] [PubMed]

65. Lenain, C.; Gusyatiner, O.; Douma, S.; van den Broek, B.; Peeper, D.S. Autophagy-mediated degradation
of nuclear envelope proteins during oncogene-induced senescence. Carcinogenesis 2015, 36, 1263–1274.
[CrossRef] [PubMed]

66. Arai, R.; En, A.; Ukekawa, R.; Miki, K.; Fujii, M.; Ayusawa, D. Aberrant localization of lamin B receptor
(LBR) in cellular senescence in human cells. Biochem. Biophys. Res. Commun. 2016, 473, 1078–1083.

67. McHugh, C.A.; Chen, C.K.; Chow, A.; Surka, C.F.; Tran, C.; McDonel, P.; Pandya-Jones, A.; Blanco, M.;
Burghard, C.; Moradian, A.; et al. The Xist lncRNA interacts directly with SHARP to silence transcription
through HDAC3. Nature 2015, 521, 232–236. [CrossRef] [PubMed]

68. Chen, C.K.; Blanco, M.; Jackson, C.; Aznauryan, E.; Ollikainen, N.; Surka, C.; Chow, A.; Cerase, A.;
McDonel, P.; Guttman, M. Xist recruits the X chromosome to the nuclear lamina to enable chromosome-wide
silencing. Science 2016, 354, 468–472. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/bi992908b
http://www.ncbi.nlm.nih.gov/pubmed/10828963
http://dx.doi.org/10.1016/j.ceb.2015.06.003
http://www.ncbi.nlm.nih.gov/pubmed/26115475
http://dx.doi.org/10.1016/j.diff.2016.12.002
http://www.ncbi.nlm.nih.gov/pubmed/28056360
http://dx.doi.org/10.1016/j.cell.2009.01.052
http://www.ncbi.nlm.nih.gov/pubmed/19379699
http://dx.doi.org/10.1016/j.cell.2012.09.043
http://www.ncbi.nlm.nih.gov/pubmed/23141535
http://dx.doi.org/10.4161/nucl.29343
http://www.ncbi.nlm.nih.gov/pubmed/25482121
http://dx.doi.org/10.1016/j.ejcb.2008.02.007
http://www.ncbi.nlm.nih.gov/pubmed/18396345
http://dx.doi.org/10.4161/nucl.1.6.13271
http://www.ncbi.nlm.nih.gov/pubmed/21647299
http://dx.doi.org/10.1101/gad.293910.116
http://www.ncbi.nlm.nih.gov/pubmed/28167501
http://dx.doi.org/10.1074/jbc.M112.441535
http://www.ncbi.nlm.nih.gov/pubmed/23355469
http://dx.doi.org/10.1038/ng925
http://www.ncbi.nlm.nih.gov/pubmed/12118250
http://www.ncbi.nlm.nih.gov/pubmed/7119868
http://dx.doi.org/10.1093/hmg/ddg003
http://www.ncbi.nlm.nih.gov/pubmed/12490533
http://dx.doi.org/10.1371/journal.pone.0128917
http://www.ncbi.nlm.nih.gov/pubmed/26053873
http://dx.doi.org/10.1038/nrc1430
http://www.ncbi.nlm.nih.gov/pubmed/15343274
http://dx.doi.org/10.1016/j.semcancer.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22311402
http://dx.doi.org/10.1093/carcin/bgv124
http://www.ncbi.nlm.nih.gov/pubmed/26354777
http://dx.doi.org/10.1038/nature14443
http://www.ncbi.nlm.nih.gov/pubmed/25915022
http://dx.doi.org/10.1126/science.aae0047
http://www.ncbi.nlm.nih.gov/pubmed/27492478


Cells 2017, 6, 28 15 of 17

69. Liokatis, S.; Edlich, C.; Soupsana, K.; Giannios, I.; Panagiotidou, P.; Tripsianes, K.; Sattler, M.; Georgatos, S.D.;
Politou, A.S. Solution structure and molecular interactions of lamin B receptor Tudor domain. J. Biol. Chem.
2012, 287, 1032–1042. [CrossRef] [PubMed]

70. Ito, H.; Koyama, Y.; Takano, M.; Ishii, K.; Maeno, M.; Furukawa, K.; Horigome, T. Nuclear envelope precursor
vesicle targeting to chromatin is stimulated by protein phosphatase 1 in Xenopus egg extracts. Exp. Cell Res.
2007, 313, 1897–1910. [CrossRef] [PubMed]

71. Andrulis, E.D.; Neiman, A.M.; Zappulla, D.C.; Sternglanz, R. Perinuclear localization of chromatin facilitates
transcriptional silencing. Nature 1998, 394, 592–595. [PubMed]

72. Ye, Q.; Worman, H.J. Interaction between an integral protein of the nuclear envelope inner membrane and
human chromodomain proteins homologous to Drosophila HP1. J. Biol. Chem. 1996, 271, 14653–14656.
[CrossRef] [PubMed]

73. Lechner, M.S.; Schultz, D.C.; Negorev, D.; Maul, G.G.; Rauscher, F.J., 3rd. The mammalian heterochromatin
protein 1 binds diverse nuclear proteins through a common motif that targets the chromoshadow domain.
Biochem. Biophys. Res. Commun. 2005, 331, 929–937. [CrossRef] [PubMed]

74. Guarda, A.; Bolognese, F.; Bonapace, I.M.; Badaracco, G. Interaction between the inner nuclear membrane
lamin B receptor and the heterochromatic methyl binding protein, MeCP2. Exp. Cell Res. 2009, 315, 1895–1903.
[CrossRef] [PubMed]

75. Polioudaki, H.; Kourmouli, N.; Drosou, V.; Bakou, A.; Theodoropoulos, P.A.; Singh, P.B.; Giannakouros, T.;
Georgatos, S.D. Histones H3/H4 form a tight complex with the inner nuclear membrane protein LBR and
heterochromatin protein 1. EMBO Rep. 2001, 2, 920–925. [CrossRef] [PubMed]

76. Worman, H.J.; Yuan, J.; Blobel, G.; Georgatos, S.D. A lamin B receptor in the nuclear envelope. Proc. Natl.
Acad. Sci. USA 1988, 85, 8531–8534. [CrossRef] [PubMed]

77. Appelbaum, J.; Blobel, G.; Georgatos, S.D. In vivo phosphorylation of the lamin b receptor. Binding of lamin
b to its nuclear membrane receptor is affected by phosphorylation. J. Biol. Chem. 1990, 265, 4181–4184.
[PubMed]

78. Rada-Iglesias, A.; Enroth, S.; Ameur, A.; Koch, C.M.; Clelland, G.K.; Respuela-Alonso, P.; Wilcox, S.;
Dovey, O.M.; Ellis, P.D.; Langford, C.F.; et al. Butyrate mediates decrease of histone acetylation centered on
transcription start sites and down-regulation of associated genes. Genome Res. 2007, 17, 708–719. [CrossRef]
[PubMed]

79. Mylonis, I.; Drosou, V.; Brancorsini, S.; Nikolakaki, E.; Sassone-Corsi, P.; Giannakouros, T. Temporal
association of protamine 1 with the inner nuclear membrane protein lamin B receptor during spermiogenesis.
J. Biol. Chem. 2004, 279, 11626–11631. [CrossRef] [PubMed]

80. Holmer, L.; Pezhman, A.; Worman, H.J. The human lamin b receptor/sterol reductase multigene family.
Genomics 1998, 54, 469–476. [CrossRef] [PubMed]

81. Silve, S.; Dupuy, P.H.; Ferrara, P.; Loison, G. Human lamin b receptor exhibits sterol c14-reductase activity in
Saccharomyces cerevisiae. Biochim. Biophys. Acta 1998, 1392, 233–244. [CrossRef]

82. Prakash, A.; Sengupta, S.; Aparna, K.; Kasbekar, D.P. The erg-3 (sterol delta14, 15-reductase) gene of
Neurospora crassa: Generation of null mutants by repeat-induced point mutation and complementation
by proteins chimeric for human lamin b receptor sequences. Microbiology 1999, 145, 1443–1451. [CrossRef]
[PubMed]

83. Bennati, A.M.; Castelli, M.; Della Fazia, M.A.; Beccari, T.; Caruso, D.; Servillo, G.; Roberti, R. Sterol dependent
regulation of human TM7SF2 gene expression: Role of the encoded 3β-hydroxysterol ∆14-reductase in
human cholesterol biosynthesis. Biochim. Biophys. Acta 2006, 1761, 677–685. [CrossRef] [PubMed]

84. Bennati, A.M.; Schiavoni, G.; Franken, S.; Piobbico, D.; Della Fazia, M.A.; Caruso, D.; De Fabiani, E.;
Benedetti, L.; Cusella De Angelis, M.G.; Gieselmann, V.; et al. Disruption of the gene encoding
3beta-hydroxysterol Delta-reductase (Tm7sf2) in mice does not impair cholesterol biosynthesis. FEBS J. 2008,
275, 5034–5047. [CrossRef] [PubMed]

85. Li, X.; Roberti, R.; Blobel, G. Structure of an integral membrane sterol reductase from Methylomicrobium
alcaliphilum. Nature 2015, 517, 104–107. [CrossRef] [PubMed]

86. Subramanian, G.; Chaudhury, P.; Malu, K.; Fowler, S.; Manmode, R.; Gotur, D.; Zwerger, M.; Ryan, D.;
Roberti, R.; Gaines, P. Lamin B receptor regulates the growth and maturation of myeloid progenitors via its
sterol reductase domain: Implications for cholesterol biosynthesis in regulating myelopoiesis. J. Immunol.
2012, 188, 85–102. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M111.281303
http://www.ncbi.nlm.nih.gov/pubmed/22052904
http://dx.doi.org/10.1016/j.yexcr.2007.03.015
http://www.ncbi.nlm.nih.gov/pubmed/17448463
http://www.ncbi.nlm.nih.gov/pubmed/9707122
http://dx.doi.org/10.1074/jbc.271.25.14653
http://www.ncbi.nlm.nih.gov/pubmed/8663349
http://dx.doi.org/10.1016/j.bbrc.2005.04.016
http://www.ncbi.nlm.nih.gov/pubmed/15882967
http://dx.doi.org/10.1016/j.yexcr.2009.01.019
http://www.ncbi.nlm.nih.gov/pubmed/19331822
http://dx.doi.org/10.1093/embo-reports/kve199
http://www.ncbi.nlm.nih.gov/pubmed/11571267
http://dx.doi.org/10.1073/pnas.85.22.8531
http://www.ncbi.nlm.nih.gov/pubmed/2847165
http://www.ncbi.nlm.nih.gov/pubmed/2155211
http://dx.doi.org/10.1101/gr.5540007
http://www.ncbi.nlm.nih.gov/pubmed/17567991
http://dx.doi.org/10.1074/jbc.M311949200
http://www.ncbi.nlm.nih.gov/pubmed/14701833
http://dx.doi.org/10.1006/geno.1998.5615
http://www.ncbi.nlm.nih.gov/pubmed/9878250
http://dx.doi.org/10.1016/S0005-2760(98)00041-1
http://dx.doi.org/10.1099/13500872-145-6-1443
http://www.ncbi.nlm.nih.gov/pubmed/10411271
http://dx.doi.org/10.1016/j.bbalip.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16784888
http://dx.doi.org/10.1111/j.1742-4658.2008.06637.x
http://www.ncbi.nlm.nih.gov/pubmed/18785926
http://dx.doi.org/10.1038/nature13797
http://www.ncbi.nlm.nih.gov/pubmed/25307054
http://dx.doi.org/10.4049/jimmunol.1003804
http://www.ncbi.nlm.nih.gov/pubmed/22140257


Cells 2017, 6, 28 16 of 17

87. Clayton, P.; Fischer, B.; Mann, A.; Mansour, S.; Rossier, E.; Veen, M.; Lang, C.; Baasanjav, S.; Kieslich, M.;
Brossuleit, K.; et al. Mutations causing Greenberg dysplasia but not Pelger anomaly uncouple enzymatic
from structural functions of a nuclear membrane protein. Nucleus 2010, 1, 354–366. [CrossRef] [PubMed]

88. Wassif, C.A.; Brownson, K.E.; Sterner, A.L.; Forlino, A.; Zerfas, P.M.; Wilson, W.K.; Starost, M.F.; Porter, F.D.
HEM dysplasia and ichthyosis are likely laminopathies and not due to 3beta-hydroxysterol Delta14-reductase
deficiency. Hum. Mol. Genet. 2007, 16, 1176–1187. [CrossRef] [PubMed]

89. Waterham, H.R.; Koster, J.; Mooyer, P.; van Noort, G.; Kelley, R.I.; Wilcox, W.R.; Wanders, R.J.;
Hennekam, R.C.; Oosterwijk, J.C.; Raoul Hennekam, C.M. Autosomal recessive HEM/Greenberg skeletal
dysplasia is caused by 3β-hydroxysterol ∆14-reductase deficiency due to mutations in the lamin B receptor
gene. Am. J. Hum. Genet. 2003, 72, 1013–1017. [CrossRef] [PubMed]

90. Borovik, L.; Modaff, P.; Waterham, H.R.; Krentz, A.D.; Pauli, R.M. Pelger-huet anomaly and a mild skeletal
phenotype secondary to mutations in LBR. Am. J. Med. Genet. A 2013, 161A, 2066–2073. [CrossRef] [PubMed]

91. Turner, E.M.; Schlieker, C. Pelger-Huët anomaly and Greenberg skeletal dysplasia: LBR-associated diseases
of cholesterol metabolism. Rare Dis. 2016, 4, e1241363. [CrossRef] [PubMed]

92. Konstantinidou, A.; Karadimas, C.; Waterham, H.R.; Superti-Furga, A.; Kaminopetros, P.; Grigoriadou, M.;
Kokotas, H.; Agrogiannis, G.; Giannoulia-Karantana, A.; Patsouris, E.; et al. Pathologic, radiographic and
molecular findings in three fetuses diagnosed with HEM/Greenberg skeletal dysplasia. Prenat Diagn. 2008,
28, 309–312. [CrossRef] [PubMed]

93. Bickmore, W.A.; van Steensel, B. Genome architecture: Domain organization of interphase chromosomes.
Cell 2013, 152, 1270–1284. [CrossRef] [PubMed]

94. Gibcus, J.H.; Dekker, J. The hierarchy of the 3D genome. Mol. Cell 2013, 49, 773–782. [CrossRef] [PubMed]
95. Bouwman, B.A.; de Laat, W. Architectural hallmarks of the pluripotent genome. FEBS Lett. 2015, 589,

2905–2913. [CrossRef] [PubMed]
96. Sexton, T.; Cavalli, G. The role of chromosome domains in shaping the functional genome. Cell 2015, 160,

1049–1059. [CrossRef] [PubMed]
97. Bonev, B.; Cavalli, G. Organization and function of the 3D genome. Nat. Rev. Genet. 2016, 17, 661–678.

[CrossRef] [PubMed]
98. Meshorer, E.; Misteli, T. Chromatin in pluripotent embryonic stem cells and differentiation. Nat. Rev. Mol.

Cell Biol. 2006, 7, 540–546. [CrossRef] [PubMed]
99. Finlan, L.E.; Sproul, D.; Thomson, I.; Boyle, S.; Kerr, E.; Perry, P.; Ylstra, B.; Chubb, J.R.; Bickmore, W.A.

Recruitment to the nuclear periphery can alter expression of genes in human cells. PLoS Genet. 2008, 4,
e1000039. [CrossRef] [PubMed]

100. Reddy, K.L.; Zullo, J.M.; Bertolino, E.; Singh, H. Transcriptional repression mediated by repositioning of
genes to the nuclear lamina. Nature 2008, 452, 243–247. [CrossRef] [PubMed]

101. Kumaran, R.I.; Spector, D.L. A genetic locus targeted to the nuclear periphery in living cells maintains its
transcriptional competence. J. Cell Biol. 2008, 180, 51–65. [CrossRef] [PubMed]

102. Almassalha, L.M.; Tiwari, A.; Ruhoff, P.T.; Stypula-Cyrus, Y.; Cherkezyan, L.; Matsuda, H.; Dela Cruz, M.A.;
Chandler, J.E.; White, C.; Maneval, C.; et al. The global relationship between chromatin physical topology,
fractal structure, and gene expression. Sci. Rep. 2017, 7, 41061. [CrossRef] [PubMed]

103. Bullock, N.; Oltean, S. The many faces of SRPK1. J. Pathol. 2017, 241, 437–440. [CrossRef] [PubMed]
104. Czubaty, A.; Piekiełko-Witkowska, A. Protein kinases that phosphorylate splicing factors: Roles in cancer

development, progression and possible therapeutic options. Int. J. Biochem. Cell Biol. 2017, 17, 1357–2725.
[CrossRef] [PubMed]

105. Vivanco, I.; Sawyers, C.L. The phosphatidylinositol 3-Kinase AKT pathway in human cancer. Nat. Rev.
Cancer 2002, 2, 489–501. [CrossRef] [PubMed]

106. Carone, D.M.; Lawrence, J.B. Heterochromatin instability in cancer: From the Barr body to satellites and the
nuclear periphery. Semin. Cancer Biol. 2013, 23, 99–108. [CrossRef] [PubMed]

107. Cherkezyan, L.; Stypula-Cyrus, Y.; Subramanian, H.; White, C.; Dela Cruz, M.; Wali, R.K.; Goldberg, M.J.;
Bianchi, L.K.; Roy, H.K.; Backman, V. Nanoscale changes in chromatin organization represent the initial steps
of tumorigenesis: A transmission electron microscopy study. BMC Cancer 2014, 14, 189. [CrossRef] [PubMed]

108. Sezgin, E.; Levental, I.; Mayor, S.; Eggeling, C. The mystery of membrane organization: Composition,
regulation and roles of lipid rafts. Nat. Rev. Mol. Cell Biol. 2017, 18, 361–374. [CrossRef] [PubMed]

http://dx.doi.org/10.4161/nucl.1.4.12435
http://www.ncbi.nlm.nih.gov/pubmed/21327084
http://dx.doi.org/10.1093/hmg/ddm065
http://www.ncbi.nlm.nih.gov/pubmed/17403717
http://dx.doi.org/10.1086/373938
http://www.ncbi.nlm.nih.gov/pubmed/12618959
http://dx.doi.org/10.1002/ajmg.a.36019
http://www.ncbi.nlm.nih.gov/pubmed/23824842
http://dx.doi.org/10.1080/21675511.2016.1241363
http://www.ncbi.nlm.nih.gov/pubmed/27830109
http://dx.doi.org/10.1002/pd.1976
http://www.ncbi.nlm.nih.gov/pubmed/18382993
http://dx.doi.org/10.1016/j.cell.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23498936
http://dx.doi.org/10.1016/j.molcel.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23473598
http://dx.doi.org/10.1016/j.febslet.2015.04.055
http://www.ncbi.nlm.nih.gov/pubmed/25957773
http://dx.doi.org/10.1016/j.cell.2015.02.040
http://www.ncbi.nlm.nih.gov/pubmed/25768903
http://dx.doi.org/10.1038/nrg.2016.112
http://www.ncbi.nlm.nih.gov/pubmed/27739532
http://dx.doi.org/10.1038/nrm1938
http://www.ncbi.nlm.nih.gov/pubmed/16723974
http://dx.doi.org/10.1371/journal.pgen.1000039
http://www.ncbi.nlm.nih.gov/pubmed/18369458
http://dx.doi.org/10.1038/nature06727
http://www.ncbi.nlm.nih.gov/pubmed/18272965
http://dx.doi.org/10.1083/jcb.200706060
http://www.ncbi.nlm.nih.gov/pubmed/18195101
http://dx.doi.org/10.1038/srep41061
http://www.ncbi.nlm.nih.gov/pubmed/28117353
http://dx.doi.org/10.1002/path.4846
http://www.ncbi.nlm.nih.gov/pubmed/27859253
http://dx.doi.org/10.1016/j.biocel.2017.05.024
http://www.ncbi.nlm.nih.gov/pubmed/28552434
http://dx.doi.org/10.1038/nrc839
http://www.ncbi.nlm.nih.gov/pubmed/12094235
http://dx.doi.org/10.1016/j.semcancer.2012.06.008
http://www.ncbi.nlm.nih.gov/pubmed/22722067
http://dx.doi.org/10.1186/1471-2407-14-189
http://www.ncbi.nlm.nih.gov/pubmed/24629088
http://dx.doi.org/10.1038/nrm.2017.16
http://www.ncbi.nlm.nih.gov/pubmed/28356571


Cells 2017, 6, 28 17 of 17

109. Cascianelli, G.; Villani, M.; Tosti, M.; Marini, F.; Bartoccini, E.; Magni, M.V.; Albi, E. Lipid microdomains in
cell nucleus. Mol. Biol. Cell 2008, 19, 5289–5295. [CrossRef] [PubMed]

110. Codini, M.; Cataldi, S.; Lazzarini, A.; Tasegian, A.; Ceccarini, M.R.; Floridi, A.; Lazzarini, R.;
Ambesi-Impiombato, F.S.; Curcio, F.; Beccari, T.; et al. Why high cholesterol levels help hematological
malignancies: Role of nuclear lipid microdomains. Lipids Health Dis. 2016, 15, 4. [CrossRef] [PubMed]

111. Silva, I.T.G.; Fernandes, V.; Souza, C.; Treptow, W.; Santos, G.M. Biophysical studies of cholesterol effects on
chromatin. J. Lipid Res. 2017, 58, 934–940. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1091/mbc.E08-05-0517
http://www.ncbi.nlm.nih.gov/pubmed/18923143
http://dx.doi.org/10.1186/s12944-015-0175-2
http://www.ncbi.nlm.nih.gov/pubmed/26754536
http://dx.doi.org/10.1194/jlr.M074997
http://www.ncbi.nlm.nih.gov/pubmed/28331000
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	LBR Targeting to the Nuclear Envelope 
	Regulation of LBR by Post-Translational Modifications 
	The Intricate Roles of LBR at the Nuclear Envelope 
	LBR Tethers Heterochromatin to the INM in Undifferentiated Cells 
	LBR–Chromatin Interactions and Functional Consequences 
	LBR C14 Sterol Reductase Activity 
	Disease-Associated Mutations in the LBR Gene 

	Our Current View and Perspectives 

