
Chapter 2
The Molecular Composition and Function
of the Nuclear Periphery and Its Impact
on the Genome

C. Patrick Lusk and Megan C. King

Abstract The nuclear periphery is an essential element of nuclear architecture that
contributes to the organization and function of the genome. Over the last few dec-
ades, remarkable molecular insight from many model systems has contributed to a
dynamic and nuanced view of the nuclear periphery, which had previously been
considered a static, transcriptionally-silent nuclear subcompartment. While modern
genomic analyses have confirmed that the nuclear periphery is home to repetitive,
gene-poor chromatin rich in repressive histone marks, specific genic regions either
leave or associate with the nuclear periphery in response to external environmental or
developmental inputs in a way that correlates with transcriptional output. Recently,
work suggests surprisingly that transcription per se is not a determinant of gene posi-
tion in relation to the nuclear periphery; an emerging view instead supports that
peripheral tethering may reflect mechanisms to promote genome stability while being
dispensable for gene silencing. Here, we review our current understanding of the
molecular components that form the nuclear periphery, including integral inner
nuclear membrane proteins and the nuclear lamins, while overviewing the key studies
that are contributing to our evolving view of this important nuclear subcompartment.

Keywords Inner nuclear membrane · lamina · LADs · heterochromatin · histone ·
genome stability

2.1 The Conservation of the Spatial Positioning of the
Genome Across Eukaryotes

The genome is encased in the nuclear envelope (NE) – a double membrane that is
contiguous with the endoplasmic reticulum (ER). The biochemical (and thus,
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functional) specialization of the NE is conferred by a discrete proteome that
includes nuclear pore complexes (NPCs) and specific membrane and membrane-
associated proteins that directly interface with the genome and the inner nuclear
membrane (INM; Fig. 2.1). Indeed, it is widely accepted that the nuclear periphery
is a major component of nuclear architecture that contributes to the non-random
organization of chromosomes within “territories” in the nucleus, a term first
coined by Boveri in 1909 (Boveri 1909) but which was not directly visualized
until many decades later (see (Cremer and Cremer 2010) for a more extensive his-
torical overview). Moreover, most eukaryotic cells display a distinct segregation
of (largely) transcriptionally silent heterochromatin at the nuclear periphery with
more active euchromatin within the interior. This observation, made first by Rabl
over 130 years ago (Rabl 1885), has been revisited time and again with ever
increasing technological advances in many model organisms.

The obvious tethering of heterochromatin to the nuclear periphery from yeast
to man has captivated our imaginations and given rise to long-standing hypotheses
that posit a central role for peripheral tethering in regulating gene expression,
whether to “gate genes” (Blobel 1985) or (conversely) to silence gene expression.
Perhaps not surprisingly, decoupling gene recruitment to the nuclear periphery and
processes linked to transcriptional up or down-regulation has proven extremely
challenging. Nonetheless, work over the last several decades has delineated
mechanisms by which the nuclear periphery acts as a critical platform for modulat-
ing transcriptional output, maintaining genome stability and regulating coordinated
differentiation programs during development in multicellular eukaryotes. Here, we
will overview the proteome and interactome of the NE and describe our molecular
understanding of how the nuclear periphery, particularly the INM, impacts these
critical genomic processes.

2.2 Integral INM Proteins

The nuclear periphery can be conceptualized as being “built” upon the resident
components of the INM. It is well understood that the INM has a distinct
proteome made up of integral membrane and membrane-associated proteins
(Fig. 2.1), although a complete cataloguing of the INM has remained elusive. This
is due to several experimental limitations: (1) the continuity of the NE and ER
make biochemically isolating the INM a so-far insurmountable hurdle; (2) the rela-
tively low abundance of many integral INM proteins, which is exacerbated by
their insolubility; and (3) the likely ability of many ER proteins to sample the
INM, without accumulating or functioning there (Deng and Hochstrasser 2006;
Smoyer et al. 2016). As a consequence, a major fraction of the INM proteome at
steady state is likely identical to that of the outer nuclear membrane (ONM)/ER,
making even successful subtractive proteomics approaches (Schirmer et al. 2003)
ineffective at conclusively differentiating between ONM and INM without addi-
tional experimental evidence. Indeed, while hundreds of NE transmembrane
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proteins (NETs) have now been identified, some of which show tissue-specific
expression (Schirmer et al. 2003; Korfali et al. 2010, 2012; Wilkie et al. 2011),
there remains a laborious task of testing how many of these ultimately localize
(and function) at the INM. The latter is particularly challenging as reagents such
as specific antibodies are largely unavailable, necessitating a reliance on heterolo-
gous tagging/overexpression strategies that often lead to aberrant accumulation of
the excess protein in the ER, therefore altering its steady-state distribution.
Moreover, many heterologous tags, particularly large proteins such as GFP, can
often interfere with membrane integration, and/or their targeting to the INM
(Khmelinskii et al. 2014). Most critically, standard immunofluorescence micro-
scopy cannot discern the INM from the ONM due to the inherent diffraction lim-
ited resolution of light microscopes, making immunoEM the gold standard for
confirming INM localization (which is itself difficult and far from perfect given
the decrease in effective localization accuracy when using secondary gold conju-
gated antibodies). Fortunately, technological innovations such as single molecular
FRAP (Mudumbi et al. 2016) and super-resolution microscopy promise to sup-
plant immunoEM to precisely localize integral membrane proteins (Korfali et al.
2016), suggesting that our understanding of the INM proteome will likely continue
to expand with time.

2.3 A Brief History of INM Targeting

Like most subcellular compartments, the biochemical identity of the INM is
assured by mechanisms that control protein targeting and quality control to turn-
over damaged or mistargeted proteins (Boban et al. 2014; Webster et al. 2014;
Foresti et al. 2014; Khmelinskii et al. 2014; Turner and Schlieker 2016; Webster
and Lusk 2016). While various hypothetical models for accumulating integral
membrane proteins at the INM have been proposed (see (Katta et al. 2014) for dis-
cussion), there is a general consensus that membrane proteins travel along the con-
tinuous bilayer from the ONM/ER across the nuclear pore membrane to the INM
(Lusk et al. 2007; Antonin et al. 2011; Laba et al. 2014) (Fig. 2.2). For example,
several studies support that disruption of specific NPC components (nucleoporins/
nups) influences the kinetics and/or steady-state distribution of integral INM pro-
teins (Ohba et al. 2004; King et al. 2006; Deng and Hochstrasser 2006;
Theerthagiri et al. 2010; Mitchell et al. 2010; Zuleger et al. 2011; Meinema et al.
2011; Boni et al. 2015; Ungricht et al. 2015; Lokareddy et al. 2015).

But, what is the mechanism of INM targeting? Moreover, do all INM proteins
utilize the same mechanism or do subsets of INM proteins access distinct mechan-
isms? Early studies examining the localization of the Lamina Associate
Polypeptide-1 (LAP1) and others revealed that binding to elements of the nuclear
architecture (particularly nuclear lamins) plays a critical role in determining the
steady-state distribution and immobilization of most integral membrane proteins at
the INM (Powell and Burke 1990; Smith and Blobel 1993; Soullam and Worman
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1993, 1995; Ellenberg et al. 1997; Ostlund et al. 1999; Vaughan et al. 2001;
Gruenbaum et al. 2002; Ohba et al. 2004). These data, in combination with those
remarking on the free diffusion of viral proteins that access the INM (Torrisi et al.
1987; Torrisi et al. 1989), were suggestive of a model of INM accumulation in
which “diffusion-retention” is sufficient for INM targeting (Fig. 2.2). In such a
model, a molecular weight cut-off of ∼60 kD is established for extralumenal
domains of membrane proteins (likely imposed by steric hindrance by the scaffold
of the NPC); exposure of nucleoplasmic domains to the nuclear interior then allow
for subsequent binding to (and retention by) a nuclear factor (typically thought to
be nuclear lamins or chromatin). However, the simplicity of such a mechanism
was challenged by work supporting the existence of an energy-dependent targeting

unstructured

NTR-mediated active
transport

Diffusion-Retention

putative
peripheral 
channels

Lamina

Diffusion in ER requires
GTP

Kap-β1
Kap-αNLS

Ran-GTP

NPC

FG-nups

Fig. 2.2 Models of integral membrane protein targeting to the INM. In the diffusion-retention
model (left; blue arrows), GTP is required to remodel the ER in a way that promotes membrane
protein diffusion and thus the probability of reaching the nuclear pore membrane is increased;
passage by the NPC is likely through putative peripheral channels that impose a molecular
weight cut-off (small blue circles pass whereas large hexagons do not). Retention is mediated by
binding to nuclear factors like the lamins or chromatin. In the NTR-based model, GTP is required
for the Ran cycle with Ran-GTP dissociating INM protein cargo from the NTRs Kap-β1/Kap-α
in a mechanism directly analogous to soluble nuclear transport. Such a model requires that extra-
lumenal domains reach into the central transport channel of the NPC to allow NTR binding to
FG-nups. This is thought to be achieved by a long ∼120 amino acid unstructured region that is
capped by a high affinity NLS. NPC subcomplexes shaded purple have been shown to be
required for either diffusion-retention or NTR-mediated transport. Key in Fig. 2.1
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step; the requirement for energy was postulated to be essential to remodel the
NPC scaffold to allow passage of membrane proteins along constrictive peripheral
channels that line the nuclear pore membrane (Ohba et al. 2004).

The energy-requirement to accumulate a reporter at the INM stimulated consid-
eration of potential active INM targeting pathways. As membrane proteins must
pass the NPC, a logical hypothesis was that Ran-GTP and nuclear transport recep-
tors (NTRs; a.k.a. karyopherins/importins/exportins) might, in addition to support-
ing soluble nuclear transport, also promote membrane protein targeting. Indeed, it
was recognized that the integral INM protein lamin B receptor (LBR) has a
nuclear localization signal (NLS; (Soullam and Worman 1993, 1995), as do many
other INM proteins (Lusk et al. 2007)) that could, in principle, be recognized by
NTRs. However, the classical SV40 large T-antigen NLS (recognized by the kar-
yopherin/importin α/β1 heterodimer) or the nucleoplasmin NLS (recognized by
transportin/karyopherin β2) fused to a heterologous type II ER membrane protein
was insufficient to confer INM localization (Soullam and Worman 1995), putting
this idea aside until the discovery of conserved integral INM proteins of the
LAP2, emerin, MAN1 (LEM) family in budding yeast, Src1/Heh1 and Heh2
(King et al. 2006). Importantly, molecular insights into the ability of NTRs to pro-
mote targeting of yeast LEM domain proteins across the NPC explain the failure
of these engineered constructs to localize to the INM (Meinema et al. 2011).

A stand out feature of Heh1 and Heh2 is the presence of a bipartite NLS just
downstream of the conserved LEM domain. The Heh2 NLS directly binds the
NTR Kap α in the absence of Kap-β1 (King et al. 2006), an atypical result for
NLSs transported by the Kap α/β1 heterodimer, which usually require Kap-β1 to
bind and remove an inhibitory domain of Kap-α that prevents NLS binding
(Rexach and Blobel 1995; Fanara et al. 2000). Thus, this observation suggested
that the Heh2-NLS binds to Kap-α with an unusually high-affinity that can effec-
tively compete with its inhibitory domain, a hypothesis that was directly confirmed
by subsequent biochemical and structural analyses (Lokareddy et al. 2015). In
addition, this NLS is required for Heh2 to gain access to the INM; the molecular
necessity of this high-affinity, Kap-α-specific NLS for INM targeting remains
enigmatic to this day.

Consistent with the ability of an NLS and NTRs to promote the efficient target-
ing of LEM domain proteins to the INM in yeast, genetic ablation of Ran, Kap
α/β1 and several nups also inhibited INM targeting of Heh2 (King et al. 2006;
Meinema et al. 2011). Together these results support a model in which Heh2 uses
the soluble transport machinery to gain access to the INM, a confounding result
when one considers that the nuclear domains of Heh1 and Heh2 are 40–50 kD;
the addition of Kap-α (and its binding partner Kap-β1) would contribute an addi-
tional ∼200 kD of mass, making passage through the size-restricted channel along
the nuclear pore membrane likely impossible.

Interestingly, consistent with earlier studies in mammalian cells (Soullam and
Worman 1995), an NLS fused to a transmembrane domain was also insufficient to
drive INM accumulation in yeast, suggesting that other sequence determinants are
required to get membrane proteins, including Heh1 and Heh2, across the nuclear
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pore membrane (Meinema et al. 2011). Surprisingly, virtually the entire
N-terminal domain of Heh2 is necessary for efficient INM targeting; a breakthrough
was the recognition that this domain is largely unstructured (Meinema et al. 2011)
(Fig. 2.2). Indeed, sufficiency of targeting a multipass transmembrane component
of the ER translocon to the INM could be achieved by addition of a high affinity
NLS coupled to an extended, completely artificial unstructured linker of at least
120 amino acids (Meinema et al. 2011). Thus, the passage of this ∼200 kD com-
plex through the NPC is likely facilitated by the ability of the unstructured linker
to cut through the pore membrane-proximal scaffold, with the NLS-associated
NTR moving through the central transport channel (Fig. 2.2).

But, how universal is an active INM-targeting mechanism? Apart from a mam-
malian nuclear pore membrane protein (POM121) that shares a similar NLS-
requirement for INM accumulation (Doucet et al. 2010; Funakoshi et al 2011;
Kralt et al. 2015), this question remains to be fully answered. For example, a
recent study where interpretation of an extensive analysis of the steady state and
kinetics of the localization of multiple reporters (both modeled on native integral
INM proteins and completely artificial reporters) in a permeabilized mammalian
cell system firmly supports a diffusion-retention model (Ungricht et al. 2015).
Similarly, the results from an RNAi-based screen examining the genetic require-
ments that contribute to the kinetics of INM targeting (with mathematical
modeling) were again most consistent with diffusion-retention being the major
determinant of INM protein distribution, although NTRs were among those factors
identified that influenced INM targeting kinetics, albeit potentially indirectly
(Boni et al. 2015). Moreover, the energy requirement for INM targeting could
be attributed to the necessity of energy-dependent ER dynamics required for the
lateral mobility of membrane proteins to increase the likelihood that they reach the
nuclear pore membrane (Ungricht et al. 2015).

How can we reconcile these two, potentially antagonistic, views of the INM
targeting pathway? One possibility is that with the evolution of an open mitosis
(which might allow larger extralumenal domains access to the nucleus without
having to travel past NPCs) coupled to a more elaborate nuclear architecture that
includes the lamina, the advantages of an active targeting pathway were sup-
planted by other functional priorities. In addition, while the NPC itself is composi-
tionally near-identical from yeast to man (Rout et al. 2000; Cronshaw et al. 2002),
it is much larger in vertebrates (Yang et al. 1998) owing to a doubling of the stoichio-
metry of the scaffold nups (Bui et al. 2013). Indeed, while the major “Y-complex”
is likely organized in a single head-to-tail ring in the yeast NPC (Alber et al.
2007), the second “Y” in humans overlaps the other resembling a brick wall (Bui
et al. 2013; von Appen et al. 2015). Thus, it is possible that any plasticity that
might allow an unfolded peptide to weave through the scaffold in yeast was lost
as the NPC became more elaborate through evolution. Lastly, there may be speci-
fic proteins, such as the LEM domain proteins of yeast, for which a rapid, active
mechanism is beneficial to prevent these factors from residing in the cytoplasmic
compartment; in this context, such a pathway may not be a requirement for pas-
sage through the NPC, but instead a mechanism to promote import efficiency
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immediately upon biosynthesis. Importantly, no one has yet directly visualized the
passage of INM proteins across the nuclear pore membrane in yeast or in mamma-
lian cell lines, leaving the door open for additional new discoveries.

2.4 The Nuclear Lamina

Virtually all the well-determined integral INM proteins in metazoans interact with
the lamin network that lines the INM, made up of A- and B-type lamin proteins,
which are members of the type V intermediate filament family (Fig. 2.1). The
A-type lamins, lamin A and lamin C, are derived by alternative splicing of the sin-
gle LmnA gene (Burke and Stewart 2013; Gruenbaum and Foisner 2015), while
the broadly expressed B-type lamins, lamin B1 and lamin B2, are encoded by
separate genes. While most lamins associate with the INM, there is also a soluble
pool of A-type lamins within the nucleoplasm. INM association of lamins can be
reinforced by post-translational farnesylation at their C-terminal CAAX box,
although in lamin A additional processing by the protease Zmpste24 removes the
C-terminus, leading to production of “mature” lamin A (Davies et al. 2009; Burke
and Stewart 2014). The function of the processing of lamin A remains ill-defined,
as a mouse model expressing only the (unmodified) lamin C splice variant is
viable and without phenotype (Sullivan et al. 1999; Fong et al. 2006), while muta-
tions that disrupt maturation leading to constitutive farnesylation of lamin A (a
form of the protein called progerin) lead to severe human disease (Burke and
Stewart 2013). In contrast, the farnesylation of lamin B1 is required for its func-
tion and contributes to its association with the INM (Moir et al. 2000; Burke and
Stewart 2014).

Until recently, our understanding of the organization of the lamin network was
derived from iconic electron microscopy images of an interlocking 10 nm-
diameter thick orthogonally-organized filament network in frog oocytes observed
over 30 years ago (Aebi et al. 1986). More recently, with the advent of super reso-
lution light microscopy and the revolution in detector technology that has
improved the resolution of cryo-EM, we are approaching a clearer in situ picture
of the lamina in model systems and in human cells. For example, super-resolution
microscopy studies provide a compelling description of distinct (yet interdepen-
dent) A- and B-type lamin filament networks (Shimi et al. 2015; Xie et al. 2016),
which had been inferred from lower resolution approaches (Shimi et al. 2008;
Taimen et al. 2009; Kolb et al. 2011). These networks, while distinct, rely on each
other to form a cohesive nuclear lamina, although how they interface with one
another remains unclear (Shimi et al. 2015). In addition, it is not well understood
how other NE landmarks like NPCs might contribute to the formation and/or orga-
nization of distinct lamin networks. Intriguingly, NPCs are specifically recruited to
filaments formed through the overexpression of lamin C (in a lamin A null back-
ground), but not lamin A, suggesting a specific molecular link between lamin C and
the NPC, perhaps through the nuclear basket component, Tpr (Xie et al. 2016).
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Direct physical links between the lamina and NPCs have been suggested by several
studies (Smythe et al. 2000; Hawryluk-Gara et al. 2005; Al-Haboubi et al. 2011),
and are likely visualized by cryo-EM views in which lamin filaments appear to
directly contact NPCs (Grossman et al. 2012). Very recently, cryoelectron tomo-
graphy has revealed that the nuclear lamina is predominantly composed of lamin
tetramers that give rise to a meshwork of 3.5 nm filaments in somatic cells; this
suggests that the organization of the lamins is morphologically distinct from all
cytoplasmic cytoskeketal elements (Turgay et al. 2017).

The interdependence of the lamin filament networks supports a model in which
the nuclear lamina provides mechanical support to the nucleus. This function is
well established, with A-type lamins contributing substantially to nuclear rigidity
when subjected to large deformations, which is likely most critical in “stiff” tis-
sues where mechanical strain on the nucleus would be predicted to be high
(Davidson and Lammerding 2014). Consistent with this idea, lamin A levels scale
with tissue stiffness (Swift et al. 2013) and many of the diseases (the laminopa-
thies; discussed in detail elsewhere (Burke and Stewart 2014)) associated with
lamin dysfunction manifest as defects in nuclear shape/integrity. In response to
small deformations another lamina component, the chromatin, and particularly the
heterochromatin associated with the nuclear periphery, also contributes to the
mechanical response of nuclei (King et al. 2008; Schreiner et al. 2015; Furusawa
et al. 2015; Stephens et al. 2017). This network not only provides a bulwark that
ensures nuclear integrity in cell culture (De Vos et al. 2011; Vargas et al. 2012;
Hatch et al. 2013; Maciejowski et al. 2015), but most dramatically serves critical
functions as migrating cells move through confined spaces either in vivo or
in vitro (Denais et al. 2016; Raab et al. 2016).

These studies highlight that the nucleus is far from an island, but is instead
mechanically integrated into the cell (and tissue) in which it resides. A growing
body of work demonstrates that the nucleus and its interactions with the cytoskele-
ton through the Linker of Nucleoskeleton and Cytoskeleton (LINC) complexes,
which bridge both INM and ONM to mechanically couple the nuclear lamina to the
cytoplasmic cytoskeleton (Fig. 2.1), play important roles in responding to and coor-
dinating forces generated by cells and tissues (Lombardi and Lammerding 2011).
Tension exerted onto LINC complexes in isolated nuclei can drive changes in the
post-translational modifications of key lamina components such as emerin (Guilluy
et al. 2014), suggesting a potential role for the LINC complex in mechanotransduc-
tion (although the transcriptional outputs of such a cascade remain poorly defined
in vivo). Further, several recent studies highlight that nuclear lamina components,
including the conserved integral INM (Sad1p, UNC-84; SUN) proteins that com-
prise the inner aspect of LINC complexes, play important (and unexpected) roles in
regulating cell-matrix and cell-cell adhesions (Stewart et al. 2015; Thakar et al.
2017). Taken together, these studies suggest that signaling between cell junctions at
the cell surface, and LINC complexes, which can be envisaged as NE “junctions,”
given that they couple two lipid bilayers that span a lumenal or extracellular
space (Blobel 2010), may provide mechanisms for mechanical communication to
(and from) the nucleus that awaits further investigation.
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2.5 Lamina Associated Domains

In addition to providing a mechanical scaffold that supports nuclear integrity, the
lamins (with INM proteins) organize a network of interactions that both promote
the formation of heterochromatic domains and physically link these domains to
the INM in most differentiated cell types where it has been examined (Fig. 2.1).
A key technological breakthrough that revolutionized our understanding of the chro-
matin interface with the nuclear periphery was the development of the Dam-ID
approach, which relies on the expression (at low levels) of Lamin A or B fused to
the bacterially-derived Dam-methylase (Pickersgill et al. 2006; Vogel et al. 2007);
Dam specifically methylates adenines within the sequence GATC. Until very
recently, adenine methylation within eukaryotic DNA was thought to be comple-
tely absent; while it is now recognized that this modification does take place at
very low levels (Wu et al. 2016), the Dam-ID approach continues to provide
advantages for the characterization of some protein-DNA interactions, such as for
the lamina. Sites of adenine methylation can be identified genome wide using
microarray chip technologies, or, more recently, next generation sequencing.

As might be expected from the physical enrichment of heterochromatin at the
nuclear periphery, lamina-associated domains (LADs) are 0.1–10 Mb chromoso-
mal regions rich in repetitive gene-poor “deserts” covering ∼30% of the genome
(Guelen et al. 2008). Clues to what might define LADs can be found by analyzing
their boundaries, which contain binding sites for insulator elements like CTCF,
CpG islands and active promoters transcribing away from the border (Guelen
et al. 2008). The enrichment for CTCF is particularly interesting as it is postulated
to bring sequence specificity to organize architectural proteins of the SMC family
(cohesin and condensin) to define so-called Topologically Associated Domains
(TADs; (Dixon et al. 2012; Jin et al. 2013; Fudenberg et al. 2016)) revealed by
chromosome conformation capture methods that identify genomic regions that are
proximal in space (reviewed in (Dixon et al. 2016)). Indeed, at least in some con-
texts (like the X-chromosome) it seems clear that LADs likely represent a subset
of TADs, and therefore are defined by some of the same topological determinants
(Nora et al. 2012).

Interestingly, actively transcribed genes can also be found in LADs, suggesting
that peripheral tethering, per se, is not sufficient to inhibit transcription ((Wu and
Yao 2013) and more on this below). However, as NPCs have been established to
be linked to active transcription in a variety of model systems (see Chap. 3), an
alternative possibility is that Dam-ID may not have sufficient resolution to distin-
guish the differential association of a gene promoter with NPCs rather than the
lamina. Lastly, it is important to consider that most Dam-ID (and ChIP) experi-
ments result in population-based metrics, which average out single-cell variability.
To this point, the development of single-cell Dam-ID reveals that the majority of
LADs are stochastically associated with the nuclear periphery (Kind et al. 2013),
with only ∼15% of LADs establishing more stable “backbone” interactions (Kind
et al. 2015).
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2.6 LADs as Developmentally Regulated Regions

The observation that many LADs display high variability within cell populations
could be interpreted in two very different contexts. In the first, this observation
could reflect a highly stochastic aspect of nuclear compartmentalization, suggest-
ing that gene regulation may, in many cases, be independent of gene position.
Indeed, recent studies in Caenorhabditis elegans showing that peripheral tethering
of heterochromatin is not essential to maintain gene silencing, supports this point
of view ((Gonzalez-Sandoval et al. 2015); more below). However, a compelling
case can also be made for the second context, in which subnuclear compartmenta-
lization leads to direct functional consequences. Indeed, a wealth of studies have
documented that altered subnuclear localization of a given locus (or group of loci
responsive to a given input) occurs concurrent with the execution of differentiation
programs in cells and organisms; individual examples include the immunoglobulin
heavy-chain (IgH)(Kosak et al. 2002; Reddy et al. 2008), β-globin (Ragoczy et al.
2006) and CFTR (Zink et al. 2004) loci. However, altered subnuclear compart-
mentalization is likely to be much more extensive in some contexts; indeed,
genome-wide studies using Dam-ID reveal that two thirds of LADs dissociate
from the nuclear periphery upon murine stem cell differentiation (Peric-Hupkes
et al. 2010). Such changes can also be recapitulated using repetitive transgenes in
multicellular models like C. elegans, which are released from the nuclear periph-
ery in fully differentiated tissues (Meister et al. 2010). How the observed changes
in subnuclear distribution mechanistically impact gene output in many of these
cases still remains largely enigmatic. However, insights can be gleaned from the
investigation of the MyoD locus, which is released from the nuclear periphery dur-
ing myogenesis. In this case, regulatory transcription factors exhibited distinct
steady-state distributions with respect to the nuclear periphery, which correlated
with their occupancy on the MyoD promoter during differentiation (Yao et al.
2011). These data suggest that release from the periphery might promote encoun-
ters with distinct transcriptional environments.

It may well be that satisfying universal rules for how subnuclear position and
transcription are related across the genome will never arise. For example, several
landmark studies exploited conditional genomic tethering systems to directly test
whether peripheral tethering was sufficient to infer transcriptional silencing
(Kumaran and Spector 2008; Reddy et al. 2008; Finlan et al. 2008). While these
studies generally support a model in which peripheral tethering leads to a down-
regulation of transcription at genic regions surrounding the tether (Reddy et al.
2008; Finlan et al. 2008), it is clear that transgenes driven by high level promoters
can be insensitive to repression at the nuclear periphery, as assessed by the recruit-
ment of RNA Pol II and the kinetics of transcriptional activation (Kumaran and
Spector 2008). Taken together, these results suggest that gene tethering at the
nuclear periphery might be an initial step that provides a platform for the subse-
quent recruitment of other factors that ultimately confer silencing on specific genes
with (potentially) specific promoters.
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Consistent with the concept that peripheral tethering is simply a first step in a
more elaborate gene inactivation program, conditional tethering of transgene loci
resulted in the local recruitment and accumulation of integral INM proteins like
LAP2, lamin B and Emerin (Kumaran and Spector 2008; Reddy et al. 2008). As
these factors also bind to chromatin modifying enzymes like histone deacetylases
(HDACs; (Somech et al. 2005)), it is easy to imagine a scenario in which tran-
scriptionally active acetylated chromatin is locally deacetylated as a transition to a
more silenced state. Consistent with such a model, inhibition of deacetylases led
to the reversal of the tethering-induced transcriptional down-regulation (Finlan
et al. 2008). And indeed, HDAC3 can target LADS (Zullo et al. 2012). Thus,
silencing is likely determined by local chromatin structure; consistent with this,
the introduction of local chromatin decondensation is sufficient to induce dissocia-
tion of genetic loci from the NE (Therizols et al. 2014).

2.7 Histone Modifications at the Nuclear Periphery

In addition to the nuclear periphery being relatively free of “active” histone marks,
it is also rich in silent epigenetic signatures like histone 3 lysine 9 (H3K9) and
H3K27 methylation (me; Fig. 2.1); H3K27 tri-methylation (me3) tends to be more
enriched at LAD borders (Pickersgill et al. 2006; Guelen et al. 2008; Ikegami
et al. 2010; Towbin et al. 2012; Kind et al. 2013; Bian et al. 2013), which are
more variably associated with the nuclear periphery (so called variable “v” or
facultative LADs; Fig. 2.1). As most heterochromatin is rich in H3K9/K27me, this
result is not overly surprising. However, a more functional connection is suggested
by the observation that the silent epigenetic signature is likely itself essential for
the physical association of heterochromatin with the nuclear periphery. For exam-
ple, while random insertion of the β-globin locus resulted in its targeting to the
nuclear periphery, this peripheral association could be prevented by co-inhibition
of the methylases required for both H3K9me2 and H3K9me3 (G9a and Suv39H1/2,
respectively; (Bian et al. 2013)). Similar results were observed for specific
vLAD-sequences (Harr et al. 2015). Indeed, the requirement for H3K9me is likely
a conserved feature of genome-INM contacts in all Metazoa; for example, hun-
dreds of tandem arrays of transgenes associate with the INM and accumulate
H3K9me and H3K27me marks in C. elegans, which also provided a genetic plat-
form to probe the requirements for INM association in a multicellular genetic
model (Towbin et al. 2010).

Interestingly, while genetic screens in C. elegans identified dozens of factors
that could de-repress transgene arrays, only the knockdown of two near-identical
S-adenosyl methionine synthetases (SAMs) resulted in both array de-repression
and de-localization from the nuclear periphery (Towbin et al. 2012), supporting a
critical role for histone methylation as the key nexus of these two aspects: gene
output and subnuclear compartmentalization. Consistent with the theme that
transcription does not influence nuclear position relative to the periphery,
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de-repression of the arrays was not sufficient, nor was it required for peripheral
release. Interestingly, the effects of SAM inhibition could be recapitulated by the
specific knockdown of two histone methylases, SET-25 (the homologue of mam-
malian G9a and SUV39h1/2) and MET-2 (homologue of SETDB1), which both
target H3K9. Consistent with the idea that H3K9 was the essential histone modifi-
cation that conferred INM tethering, only H3K9me2 and me3 were globally
reduced in set-25/set-2 animals while H3K23, K27 or K36 were largely unaf-
fected. Furthermore, a careful analysis of methyl marks after individual deletion of
SET-2 and SET-25 supported a step-wise model, with SET-2 providing the
H3K9mono and di-methyl substrate for SET-25. Interestingly, SET-25 itself is
enriched at the nuclear periphery through (likely) indirect interactions with the
H3K9me3 marks that it produces (Towbin et al. 2012), supporting a model of
action in which local tri-methylation is amplified by a self-reinforcing cycle of
SET-25 recruitment and catalysis.

2.8 Peripheral Tethers

The growing functional links between H3K9me and peripheral tethering supports
the existence of INM proteins capable of mediating direct physical interactions with
specific chromatin domains either through histone modifications, transcription fac-
tors and/or direct binding to DNA sequence elements (Fig. 2.1). While there is
some evidence that lamin A/C might directly bind to DNA ((Kubben et al. 2012)
and references therein), it is likely that much of the defective heterochromatin
tethering to the nuclear periphery observed in lamin A/C-null cells is due to mislo-
calization of other integral INM proteins like the LEM proteins, which themselves
might directly or indirectly (through effectors like BAF) interact with DNA
(Brachner and Foisner 2011). Interestingly, the contribution of lamin A to hetero-
chromatin tethering activity appears to be at least partially redundant with that of
LBR (Solovei et al. 2013). This redundancy was elegantly illustrated in specialized
murine retinal cells that possess an “inverted” nuclear architecture with heterochro-
matin concentrated at the center of the nucleus; this adaptation is thought to help
focus light to improve night-vision (Solovei et al. 2009). Indeed, many nocturnal
animals exhibit this change in global chromosome organization and these morpho-
logical changes are correlated with a repression of both lamin A and LBR expres-
sion in these cells. Moreover, the experimentally controlled up-regulation of LBR
could mitigate these effects (Solovei et al. 2013) supporting a direct role for LBR
as a peripheral tether. Indeed, in addition to binding to lamin B, LBR also directly
interacts with the H3K9me3-binding protein HP-1 and has a Tudor domain that
recognizes the silencing H4K20me2 modification (Hirano et al. 2012).

The redundancy between LBR and lamin A with respect to maintaining hetero-
chromatin at the nuclear periphery could reflect the critical importance of this
aspect of nuclear organization; redundancy is also reflected in the evolutionary
expansion in the number of the LEM domain protein paralogues (and likely
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others) (Brachner and Foisner 2011; Barton et al. 2015). Additional tethers have
also been recently identified like proline-rich protein 14 (PRR14), a dynamic solu-
ble protein that serves as a bridge between the lamins and HP-1(Robson et al.
2016), and there are also NETs that modulate peripheral anchoring in specific tis-
sues (Zuleger et al. 2013). Dealing with this level of complexity (and integration)
provides a challenge to cleanly defining a function for chromatin tethering to the
nuclear periphery, making simpler genetic model systems essential to define the
mechanistic paradigms. For example, in C. elegans a genetic screen to identify a
specific H3K9me2/3-tether of an integrated repetitive transgene array identified
the novel factor Cec-4. Cec-4 is not an integral INM protein but nonetheless speci-
fically associates with the INM through a lamin-independent mechanism that
remains to completely defined (Gonzalez-Sandoval et al. 2015) (Fig. 2.1).
Consistent with its tethering activity, Cec-4 contains a chromodomain that specifi-
cally recognizes H3K9me3; mutation of this domain leads to a loss of the periph-
eral array position and, most importantly, globally affects chromosome tethering
to the INM. Interestingly, however, in differentiated larva the effects of Cec-4
depletion on chromosome position were more muted, suggesting that there are
likely multiple redundant tethers in differentiated cells of C. elegans, perhaps a
reflection of a nuclear architecture that becomes more cemented to ensure the
maintenance of cell fate. Consistent with this idea, depletion of Cec-4 (and thus
peripheral tethering) did not maintain an artificially induced muscle-cell fate in
embyros (Gonzalez-Sandoval et al. 2015).

2.9 Lamina Associated Sequences

In a scenario in which there are multiple INM tethers, some of which are tissue
specific, one strategy might be to approach mechanisms of peripheral tethering
intrinsic to the DNA sequence itself. While “DNA zip codes” that are sufficient to
confer gene localization to the nuclear periphery have been long identified in uni-
cellular models like yeasts (Ahmed et al. 2010), these sequences have been more
challenging to identify in multicellular eukaryotes. Nonetheless, by focusing on
the developmentally regulated regions of LADs that are variably associated with
the lamina, some sequence elements sufficient to confer lamina association have
been identified. These sequences are rich in GA dinucleotides (unlike most of
LADs that are A/T rich) and have been termed lamina associated sequences
(LASs) (Zullo et al. 2012; Harr et al. 2015). Interestingly, like in budding yeast, in
which nuclear peripheral targeting of the DNA zip codes is conferred by direct
binding to transcription factors (Brickner et al. 2012), the GAGA transcription fac-
tor cKROX (Zullo et al. 2012) and also “Ying Yang 1” (YY1) (Harr et al. 2015)
were identified as key factors that could direct LASs to the nuclear periphery, per-
haps (and very intriguingly) specifically through binding to lamin C (Harr et al.
2015). In addition, cKROX association with LASs persists throughout mitosis,
suggesting that LAS binding by soluble elements of the transcription machinery
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are likely early events that help re-establish nuclear organization as the NE
reforms at mitotic exit (Zullo et al. 2012), thus providing compelling evidence for
a concept proposed by Blobel 30 years ago (Blobel 1985).

2.10 Beyond Silencing: The Periphery and Genome Integrity

Given the putative myriad of (often redundant) chromatin tethers and the likely
multifactorial nature of sequence elements and gene-specific binding proteins in
tying gene position with gene output, defining explicit function(s) for anchoring of
chromatin to the nuclear periphery will remain a persistent challenge. Moreover,
even in systems like C. elegans, in which it is possible (at least in early develop-
ment) to release heterochromatin from the periphery through deletion of Cec-4,
this chromatin nonetheless remains silenced in the nuclear interior (because it
retains H3K9me2/3 marks; (Gonzalez-Sandoval et al. 2015)). Perhaps most shock-
ingly, however, is the finding that the abrogation of H3K9 methylation, which can
be achieved in C. elegans, gives rise to completely viable animals, with only rare,
mild phenotypic abnormalities (Towbin et al. 2012; Zeller et al. 2016). Thus,
H3K9 methylated heterochromatin, much of which is associated with the nuclear
periphery, is dispensable for the development of a multicellular organism.
Interestingly, however, after a few generations the worms became completely ster-
ile; this arises due to massive, p53-dependent apoptosis in the germline, suggest-
ing persistent DNA damage (Zeller et al. 2016). Consistent with this, use of a
reporter construct in somatic cells from these animals revealed an increase in
insertion-deletion (indel) rates specifically within a heterochromatic chromatin
environment. Taken together, these data suggested that H3K9me (and perhaps per-
ipheral tethering) is perhaps most important for maintaining genome stability
within silenced regions of the genome.

2.11 Repetitive DNA and the Nuclear Periphery

Looking back, the connection between repetitive DNA, the nuclear periphery, and
genome stability first arose in pioneering work in the relatively “simple” unicellu-
lar yeast models. While budding yeast do not utilize the H3K9me modifications,
they nonetheless compartmentalize repetitive regions of their genomes at the
nuclear periphery, most notably the ribosomal DNA (rDNA) repeats housed in the
peripheral nucleolar compartment (Taddei and Gasser 2012). Indeed, the concept
that the INM could promote genome stability was first established in work exam-
ining the stability of rDNA repeats (Mekhail et al. 2008). rDNA repeats are teth-
ered to the nuclear periphery by a complex of proteins called Chromosome
Linkage Inner nuclear membrane Proteins (CLIP). The INM tether for this com-
plex is the conserved integral INM protein Heh1/Src1 (a member of the LEM
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domain family; (King et al. 2006)) and its yeast-specific binding partner Nur1
(Mekhail et al. 2008). Remarkably, deletion of Heh1 leads to a loss of nucleolar
structure and an increase in copy number changes within the rDNA repeats, sug-
gesting heightened homologous recombination, which could drive repeat expan-
sion or contraction (Mekhail et al. 2008). Indeed, it was previously established
that loading of recombination factors such as Rad52 onto a lesion within the
rDNA occurs only once it moves out of the peripheral nucleolar compartment
(Torres-Rosell et al. 2007), first suggesting the concept that nuclear compartments
can influence DNA repair mechanisms. In addition, recent studies suggest that
such regulation is conserved in higher eukaryotes, as the H3K9me-binding protein
HP-1 inhibits Rad51 loading onto heterochromatic DNA double strand breaks
(DSB) in Drosophila (Chiolo et al. 2011) (Fig. 2.3a) while tethering of a site-
specific DSB to the nuclear periphery also abrogates loading of homologous
recombination factors in human cells (Lemaître et al. 2014).

In addition to influencing repair mechanisms specifically in repetitive regions
of the genome, there is ample evidence that the nuclear periphery influences both
mechanisms that drive DNA DSBs and the pathways that repair such lesions
(Seeber and Gasser 2016) (Fig. 2.3a). Returning to C. elegans, the DNA damage
observed in the absence of H3K9me was traced to an increase in RNA-DNA
hybrids or “R-loops,” which can lead to collisions with replication forks to drive
fork collapse (Zeller et al. 2016) (Fig. 2.3b). In this way, aberrant transcription
could still be the root cause of the genome integrity defects in worms lacking
H3K9me. Interestingly, an earlier study linked topological stress at highly tran-
scribed genes associated with the NPC to DNA damage, which was suggested to
be normally attenuated through phosphorylation events orchestrated by the Mec1/
ATR pathway (Bermejo et al. 2011). In this context, controlled release of these
genomic regions from the periphery preserves genome integrity, and could be
avoided in the absence of this pathway through deletion of proteins necessary for
NPC basket formation (Bermejo et al. 2011). The possibility for DNA damage dri-
ven by topological constraints imposed by chromatin-NE tethers remains to be
fully characterized, but presents an important area of future research, particularly
as several recent reports suggest site-specific DNA damage programs that play cri-
tical roles in development (Madabhushi et al. 2015) – a tantalizing clue that such
mechanisms might be functionally important and not just unintended by-products
of genome organization.

� (NPC) or the SUN proteins (Mps3/Sad1). In fission yeast, persistent DSBs that associate with the
SUN protein Sad1 form LINC complexes that interact with cytoplasmic microtubules. More
recently, studies in Metazoa reveal that irradiation-induced DSBs within internal heterochromatin
(HC) do not load Rad51, while movement of these DSBs into the euchromatic environment facili-
tates Rad51 loading. These DSBs can also go on to associate with either LINC complexes or the
NPC at the nuclear periphery. In both yeast and Metazoa, peripheral association is promoted by
post-translational modification (SUMOylation) of repair factors. (b) Loss of H3K9me in C. elegans
leads to derepression of transposable elements. The resulting transcript, in the form of an R-loop,
leads to collisions with the replication machinery, driving formation of DSBs.
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Considering that DNA damage might occur in specific regions of the genome,
are there hotspots that become fragile in the absence of H3K9me? Here, again, the
advantages of the C. elegans system come into play. While over half of the human
genome consists of repetitive elements (REs: SINES, LINES, retrotransposons,
TY elements, etc.), most of these cannot be uniquely mapped from next-
generation sequencing data due to the lack of unique sequence features. By
contrast, while the C. elegans genome houses many REs, 80% of these are
uniquely mappable, allowing the authors to demonstrate that R-loops accumulate
specifically within REs, concomitant with loss of H3K9me marks (Zeller et al.
2016) (Fig. 2.3b). Moreover, large indels in these regions, often adjacent to trans-
poson sequences, suggests that aberrant transcription of transposons might drive
the loss of genome stability. In this context, it is the act of transcription rather than
the transposon up-regulation itself that drives genome instability, suggesting that
transposons need not “jump” to drive losses in genome integrity. Importantly, loss
of the H3K9me-binding protein HP-1 leads to loading of the recombination factor
Rad51 inside heterochromatic domains in Drosophila (Chiolo et al. 2011), sug-
gesting a possible mechanism by which abrogation of H3K9me compromises
genome integrity due to illegitimate recombination.

2.12 Inputs of Nuclear Compartmentalization
on DNA Repair Mechanisms

Beyond the ability of H3K9me/HP-1 to inhibit Rad51 loading, what else is known
about how distinct nuclear compartments influence DNA repair mechanisms when
a DNA lesion does occur? Pioneering studies in yeast over the past ten years have
unearthed a great deal of insights into this question. While much of this work has
been extensively reviewed elsewhere (Seeber and Gasser 2016), here it is impor-
tant to highlight that both the NPC and LINC complexes (or their constituent
parts, such as the factors associated with the NPC basket or the SUN protein
Mps3 in budding yeast) have been shown to be repositories for persistent DNA
DSBs, each with unique contexts and consequences ((Nagai et al. 2008; Kalocsay
et al. 2009; Oza et al. 2009; Swartz et al. 2014; Horigome et al. 2014); Fig. 2.3a).

Combining systems to tag genomic loci with heterologous operator arrays recog-
nized by fluorescent protein fusions of their cognate binding proteins (for example,
lacO/lacI or tetO/tetR) with inducible, site-specific DSB induction systems has
allowed investigators to monitor the compartmentalization of single DSBs within
the nuclear volume; in haploid yeast, such DSBs are irreparable but are recruited to
the nuclear periphery, where they colocalize with NPCs (Nagai et al. 2008). The
nuclear aspect of the NPC is linked to a SUMO-targeted ubiquitin ligases or
STUbL – the Slx5/Slx8 heterodimer; driving association of a DSB with the nup,
Nup84, or Slx8 is sufficient to increase rates of homologous recombination through
gene conversion, but also promotes errant repair mechanisms such as break-induced
replication and alternative non-homologous end joining ((Nagai et al. 2008);
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Fig. 2.3a). Extensive further work has revealed that SUMOylation through the
ligases Siz2 and Mms21 occurs upstream of peripheral DSB recruitment and Slx5/8,
although the key substrates remain enigmatic (Horigome et al. 2016).

Through a molecularly distinct pathway, persistent DSBs are recruited to the
SUN protein Mps3 (in budding yeast (Kalocsay et al. 2009; Oza et al. 2009)) or
Sad1 (in fission yeast (Swartz et al. 2014); Fig. 2.3a). This pathway is active speci-
fically during S and/or G2, lies downstream of initial processing events that com-
mit the DSB to repair by homologous recombination, and has specific
requirements for the Ino80 chromatin remodeling complex and the histone variant
H2AZ (Kalocsay et al. 2009; Horigome et al. 2014). Association with Mps3/Sad1
is thought to both inhibit (perhaps non-allelic) DSB repair or errant repair of
deprotected telomeres by homologous recombination, and/or to promote repair
from alternative homologous templates (Oza et al. 2009; Swartz et al. 2014;
Horigome et al. 2014); this pathway may be related to the role that LINC com-
plexes play in promoting proper homologous chromosome pairing in meiosis
(Hiraoka and Dernburg 2009).

For some time, the broad conservation of the mechanistic roles for the nuclear
periphery in DSB repair had been questioned, derived primarily from the irrepar-
able nature of the DSB models used in many yeast studies and the relatively smal-
ler nuclear volume compared to mammalian cells. However, several recent studies
highlight that the same pathways first identified in yeast are active in multicellular
eukaryotes. Indeed, the observation that Rad51 loading occurs only after
irradiation-induced DNA lesions move out of heterochromatic compartments in
Drosophila (Chiolo et al. 2011) mirrors the earlier work of Torres-Rossel, who
made the same observation for Rad52 loading onto the rDNA (Torres-Rosell et al.
2007). Moreover, it was recently demonstrated that SUMO ligases are necessary
for the movement of DSBs out of heterochromatic compartments (Ryu et al.
2015); a subset of these DSBs then move to the nuclear periphery to associate
with the NPC and/or LINC complex components in a pathway dependent on
STUbLs (Ryu et al. 2015), again similar to results observed in yeast (Horigome
et al. 2016). One critical question that remains to be fully investigated is how the
chromatin mobility necessary for a DSB to move from an internal heterochromatic
compartment to the nuclear periphery is achieved, particularly given the observa-
tion that chromatin loci are highly constrained in mammalian cells, as suggested
by the inability of genic loci to be effectively tethered to the NE without passage
of cells through mitosis (Kumaran and Spector 2008; Reddy et al. 2008; Zullo
et al. 2012; Kind et al. 2013).

Again, seminal work in yeast suggests that formation of a DSB significantly
increases its mobility within the nucleus, concomitant with a global increase in
chromatin mobility (Miné-Hattab and Rothstein 2012; Seeber et al. 2013); these
mechanisms have both common and specific genetic requirements, but likely
involve chromatin remodeling complexes (such as Ino80 in budding yeast); their
conservation remains to be tested. Roles for the LINC complex and the cytoskele-
ton in mediating an increase in the mobility of DNA lesions also appear to be con-
served, as cytoplasmic microtubules act to promote DSB (or critically short
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telomere) mobility, supporting interhomologue or ectopic homologous recombina-
tion in fission yeast (Swartz et al. 2014) or deleterious end joining reactions in
mammalian cells (Lottersberger et al. 2015) (Fig. 2.3a). The LINC complex may
play additional roles in regulating repair mechanism choice by suppressing NHEJ
at lesions caused by cisplatin treatment in C. elegans (Lawrence et al. 2016).
Thus, increased mobility of DSBs may facilitate encounters that allow repair to
occur, but whether this promotes faithful repair or reactions that drive genome sta-
bility may depend on the context (i.e. how many lesions there are in a single
nucleus). One open question is whether the LINC complex is associated with
DNA lesions (as in fission yeast (Swartz et al. 2014)) or acts “at a distance”
(Lottersberger et al. 2015). A recent study suggests that the LINC complex may
do both, including roles for regulating repair factor localization and/or function
through the nucleoplasmic domain of SUN proteins (Lawrence et al. 2016). It is
worth noting that roles for direct physical association of DNA lesions with the
NPC or LINC complex could be particularly important in repetitive, heterochro-
matic regions, as genetic ablation of DSB-nuclear periphery interactions leads to
fusions and aneuploidies specifically in regions of the genome rich in H3K9me
(Ryu et al. 2015). Taken together, these observations provide an additional ratio-
nale for why repetitive, H3K9me regions of the genome are found associated with
the nuclear periphery: to poise them for regulation of DNA repair through NPCs
or the LINC complex without the need for dramatic chromatin mobility.

2.13 Outlook

The advent of new molecular approaches to investigate the interface between the
nuclear periphery and the genome has reinforced the decades-old concept that
the INM maintains a tight association with transcriptionally silent chromatin.
Surprisingly, however, recent studies suggest that transcription per se has limited
impact on this association. Indeed, our understanding of the functional impacts that
chromatin tethering to the INM has on its emergent biology is currently in flux. This
revolution is being driven by pioneering work in multiple model systems; an emer-
ging theme is that the nuclear periphery plays a critical role in maintaining genome
stability. As the number of repetitive elements, many of which are derived from
transposons and retroviruses, have infiltrated our genome, it is perhaps not surprising
that we have developed effective means to silence these factors (Gasser 2016). How
the periphery contributes to silencing repetitive elements is just beginning to come to
light, but what is most exciting is that their de-repression in the germline might be
deliberate to promote adaptation to environmental stress (Gangaraju et al. 2011). In
this context, the nuclear periphery may be most critical during differentiation and
when cell fate decisions must be established and maintained. This ongoing reconcep-
tualization of the functions that the nuclear periphery supports provides an essential
foundation to further understand the ever growing list of genetic connections
between defects in the nuclear lamina and disease.
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