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The mammalian genome is complex and presents a dynamic structural organization that reﬂects function.
Organization of the genome inside the mammalian nucleus impacts all nuclear processes including but not
limited to transcription, replication and repair, and in many biological contexts such as early development,
differentiation and physiological adaptations. However, there is limited understating of how 3D organization of
the mammalian genome regulates different nuclear processes. Recent advances in microscopy and a myriad of
genomics methods—propelled by next-generation sequencing—have advanced our knowledge of genome
organization to a great extent. In this review, we discuss nuclear compartments in general and recent advances
in the understanding of how mammalian genome is organized in these compartments with an emphasis on
dynamics at the nuclear periphery.
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1. Introduction
The genetic material of eukaryotes is complex in form,
function, dynamics and sheer size. A diploid human
cell contains 6 billion base-pairs of DNA in the form of
23 pairs of chromosomes. The linear length of the
unfolded DNA polymer accounts for * 2 m however
this is accommodated inside the nucleus which is
* 6 lm in diameter. This astonishing level of packaging is achieved in such a way that it does not impede
replication, maintenance of and access to the genetic
material. This complexity has driven biologists to
explore structure of the nucleus and the way in which
the genome is folded inside the nucleus. Chromatin is
the physiological state of genetic material in the form
of a nucleoprotein complex containing histone and
non-histone proteins. Wrapping of the DNA polymer in
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the form of nucleosomes imparts the universal primary
structure to chromatin which is akin to a ‘‘beads on a
string’’ structure also known as the 11 nm ﬁbre. The
chromatin ﬁber is highly dynamic in its composition
and physical properties which can be regulated by posttranslational modiﬁcations of histones, incorporation of
variant histones and sequence-speciﬁc binding of various proteins involved in DNA replication, transcription and DNA damage repair (Cosgrove and Wolberger
2005). Visualization of densely packed heterochromatin and its preferential localization in the peripheral
parts of the nucleus propelled the idea that chromatin
inside the nucleus is spatially segregated and inspired
the ﬁeld of nuclear organization (Passarge 1979). It is
now evident that chromatin organization is not only
non-random, but it is also very important for regulation
and is a tightly regulated process in itself.
The nucleus is surrounded by two membranes (also
termed as the nuclear envelope); outer nuclear membrane (ONM) and inner nuclear membrane (INM),
separated by a 20–40 nm wide perinuclear space
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Figure 1. Chromosome territories and lamina associated domains. (A) Chromosomes occupy distinct territories inside the
nucleus. A representative depiction of nuclear periphery is shown on the right hand side. Nucleoplasmic side of INM is lined
with A- and B-type lamin ﬁlaments except where nuclear pores are located. Heterochromatin in close proximity to lamina is
shown in red color and euchromatin in light blue color. INM transmembrane proteins—LBR and Emerin establish contacts
with heterochromatin and repressive protein HP1a and HDAC3. (B) DamID uses a bacterial Dam-methylase fused to the
protein of interest (POI) and expression of Dam-fusion protein causes adenine methylation (m6A) of GATC sites in the
proximity of fusion protein. This methylation is not found endogenously in the mammalian genome. Genomic DNA
fragments with methylated GATC sites are puriﬁed by Dpn I digestion, adaptor ligation, Dpn II digestion followed by PCR
ampliﬁcation. Sequencing of the resultant libraries allows mapping of genomic regions that are in direct contact with the
protein of interest. A library from Dam expressing cells is used as background. (C) A representative depiction of log2 ratios
of Dam-LaminB1 and Dam-only signal across the chromosome showing LADs (log2 ratio [ 0) and nonLADs (Log2
ratio\0) in mouse ESCs (Peric-Hupkes et al. 2010).

(ﬁgure 1A). The ONM is continuous with the endoplasmic reticulum (ER) membrane in the cytoplasm.
There is a large repertoire of transmembrane proteins
anchored in the INM, popularly known as nuclear
envelope transmembrane proteins (NETs) or tethering
factors and, many of the NETs are tissue-speciﬁc
(Korfali et al. 2016). NETs have multiple functions:

NETs communicate with the proteins in the ONM and
interact with chromatin using speciﬁc nucleoplasmic
domains. The nucleoplasmic side of the INM is lined
with a 10–40 nm thick meshwork of intermediate ﬁlaments known as nuclear lamina (NL). The NL provides a strong scaffold which imparts strength and
shape to the nucleus, but it is also involved in
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organization of the genome and regulation of transcription because it tethers heterochromatin at the
nuclear periphery (Cremer et al. 2015), forming distinct
domains called lamina-associated domains (LADs)
(Peric-Hupkes et al. 2010) which can be mapped
genome-wide using DamID of lamins and other components of nuclear envelope (ﬁgure 1B, C) (van
Steensel et al. 2001).
The nuclear envelope is not continuous; it is disrupted by nuclear pore complexes (NPCs)—large
conserved complexes that provide channels to allow
regulated import and export of molecules between
nucleoplasm and cytoplasm (Beck and Hurt 2017).
Another major sub-nuclear structure is the nucleolus- a
dense but membrane-less organelle where ribosomal
genes (rDNA) are clustered, transcribed and ribosomes
are preassembled. Apart from nucleoli, a number of
smaller membrane-less structures known as nuclear
bodies are evident (Stanek and Fox 2017). Examples of
nuclear bodies include, but are not limited to; Cajal
bodies, PML bodies, nuclear speckles, paraspeckles,
and polycomb bodies—each with a specialized function. Cajal bodies are centres of biogenesis and processing of snRNAs and snoRNAs (Morris 2008).
Nuclear speckles are seen as 20–50 irregularly shaped
but dynamic structures in the inter-chromatin spaces
and are enriched in components of mRNA splicing
machinery (Sleeman and Trinkle-Mulcahy 2014).
2. Chromosome territories and radial organization
In interphase, each chromosome occupies a distinct
space known as a chromosome territory (CT) as seen
by Fluorescence In Situ Hybridization (FISH) using
chromosome paints (ﬁgure 1A) (Cremer and Cremer
2001). With the development of chromosome conformation capture (3C) at a genome-wide scale (Hi-C)
(described in ﬁgure 2A, B), it became clear that most
interactions between genomic regions are limited to
within the same chromosome and very few interactions
are seen between segments located on two different
chromosomes (Belton et al. 2012; Dekker et al. 2002).
Similarly, even homologous chromosomes do not
interact much as seen by 3D-FISH (Heride et al. 2010)
and haplotype reconstruction from Hi-C data (Selvaraj
et al. 2013). For a given chromosome, gene dense
regions are found at the periphery of the CT (Boyle
et al. 2011). Chromosome territories take non-random
positions relative to nuclear periphery and the centre.
Gene rich chromosomes occupy more interior positions
in the nucleus compared to gene-poor chromosomes
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(Bolzer et al. 2005; Boyle et al. 2001; Cremer et al.
2001). For a given CT, gene poor portions of the
chromosome tend to position towards periphery and
gene-rich regions take a more central position away
from periphery (Boyle et al. 2011; Kupper et al. 2007).
There are several reported instances of inter-CT
contacts (Hakim et al. 2011; Kalhor et al. 2011;
Lieberman-Aiden et al. 2009) and many of the interactions involve genomic regions known to loop out
from their CTs (Mahy et al. 2002). Speciﬁcity of these
inter-chromosomal contacts is questionable because
there are cell to cell variations in CT positioning and
there is no evidence that a particular chromosome has
any preferred neighbour CT (Kalhor et al. 2011; Gibcus and Dekker 2013; Walter et al. 2003). Inter-chromosomal contacts may not be speciﬁc but have
potential to deﬁne the radial gradient of transcriptional
activity at least in part. For example, highly transcribed
genes located on same or different chromosomes
associate with nuclear speckles (Brown et al. 2008).
Recently, Chen et al. developed a genome wide method
based on deposition of tyramide signal ampliﬁcation
(TSA-seq) which allows estimation of 3D distance
between a genomic locus and a compartment where
tyramide signal originates (described in ﬁgure 2C)
(Chen et al. 2018b). TSA-seq proﬁles of nuclear
speckle protein SON and Lamin-B1 are inversely correlated across the genome. This observation has been
used to deﬁne a radial axis with the nuclear lamina as
the outermost compartment and nuclear speckles representing the nuclear interior. The nuclear laminaspeckle axis clearly shows a gradient of transcriptional
activity which is the highest at speckles and lowest at
the nuclear lamina (Chen et al. 2018b).
Many inter-chromosomal interactions that occur via
large nuclear bodies (0.5–2 lm) are not efﬁciently
captured by Hi-C because interacting fragments may
not be close enough for ligation. This limitation has
been overcome by a recent method that allows ligationfree detection of interacting regions by split-pool
recognition of interactions by tag extension (SPRITE)
(ﬁgure 3A) (Quinodoz et al. 2018). SPRITE data
indicates that inter-chromosomal interactions are partitioned into two distinct hubs. A large portion of
transcriptionally active genome (Active hub) is associated with nuclear speckles and inactive genes from
different chromosomes (Inactive hub) are associated
with the nucleolus. Interestingly, inter-chromosomal
interactions associated with nuclear periphery are
minimal and interactions among LADs reﬂect their
linear proximity along the chromosome. This indicates
that unlike nucleolar periphery and speckles, territorial

18

Page 4 of 15

Yatendra Kumar et al.

Spatial organization of mammalian genome

2. (A) Mapping genome-wide interactions by Hi-C.
Chromatin is crosslinked using formaldehyde and digested
in-situ with a restriction enzyme. Ends are ﬁlled with
Klenow fragment using Biotin-14-dATP followed by ligation in a diluted reaction condition which favours proximal
ligation of crosslinked DNA fragments. DNA is isolated
after reversing the crosslinks and sonicated to allow
puriﬁcation of ligated fragments using streptavidin. These
fragments are then ligated to Illumina adaptors, ampliﬁed
and sequenced from both ends. Individual alignments of
paired reads are then used to infer interaction and interaction
frequencies are calculated in appropriately sized bins across
the genome. (B) A heat map of interaction frequencies along
mouse chromosome 1. TADs are highlighted with dotted
blue lines. Data was plotted from (Dixon et al. 2012). (C)
Mapping of 3D genome organization by TSA-seq. TSA-seq
uses tyramide signal ampliﬁcation (TSA) to calculate
cytological distances between subnuclear compartments
(Chen et al. 2018b). In brief, cells are ﬁxed with
paraformaldehyde, target compartment is marked by incubating with a primary antibody against an enriched protein
(SON protein in nuclear speckles, shown in green) and then
by incubating with an HRP-conjugated secondary antibody.
Cells are then treated with Biotin-tyramide for a short
duration. HRP deposited in the target compartment generates
biotin-tyramide free radicals (shown in red) which get
covalently linked to DNA in the vicinity. Quantiﬁcation of
biotin labelling across the genome allows estimation of
distance between different compartments because tyramide
free radicals create a concentration gradient in 3D space that
decays exponentially along the distance from the point of
origin.

b Figure

organization of chromosomes is preserved in peripheral
chromatin. It is proposed that this radial axis of nuclear
lamina, nuclear speckles and nucleolus is central to
higher order nuclear organization (Quinodoz et al.
2018).
3. Genome-wide interaction maps reveal
topological folding of chromosomes
Principal component analysis of Hi-C interactions
reveals that the mammalian genome is segregated into
two main compartments (A and B) (Lieberman-Aiden
et al. 2009). The A-compartment is early replicating,
contains highly expressed genes and is enriched in
permissive histone marks such as H3K36me3,
H3K79me2, H3K27ac, and H3K4me1. In contrast, the
B- compartment is enriched with late-replicating
chromatin and strongly overlaps with LADs (Ryba
et al. 2010). On this basis, A- and B-compartments
imitate the chromosomal folding into euchromatin and
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heterochromatin respectively. Incorporation of chromatin features in these analyses revealed that A-compartment can be resolved in to two subcompartmentsA1 and -A2 (Rao et al. 2014). A1-subcompartment
replicates earlier in the beginning of S phase than A2subcompartment which replicates in the middle of S
phase. A2-subcompartment has lower GC content and
contains longer genes compared to A1. Similarly,
B-compartment can be resolved into at least four subcompartments (B1-B4) (Rao et al. 2014). Subcompartment-B1 represents facultative heterochromatin, is
enriched in H3K27me3 and replicates in the middle of
S phase. Subcompartment-B2 and -B3 replicate at the
end of S phase, are enriched in H3K9me2/3 and lack
any of the permissive marks. Subcompartment- B2
accounts for 62% of pericentromeric heterochromatin
and can be located at the nuclear lamina (Kind et al.
2015) or nucleolar periphery. B3-subcompartment has
the same chromatin features as B2 and localizes to
nuclear lamina but is strongly depleted at the nucleolar
periphery. Subcompartment-B4 consists of KRABZNF superfamily genes and strongly correlates with
permissive and non-permissive histone marks. A- and
B-compartments are cell-type speciﬁc and 36% of
human genome switch during stem cell differentiation
(Dixon et al. 2015a).
Hi-C Interaction frequencies are not uniform across
the length of the chromosome and can be divided in to
sub-megabase (Mb) domains with more frequent
interactions within them compared to neighbouring
regions. These regions are termed as topologically
associated domains (TADs) (ﬁgure 2B) (Dixon et al.
2012; Nora et al. 2012). TADs are thought to form
insulated domains which prevents communication
between gene and distal gene regulatory elements
located in different TADs (Lupianez et al. 2015)
however, perturbation of TAD insulation does not
necessarily lead to aberrant spatio-temporal gene regulation in development (Williamson et al. 2019).
During differentiation of mouse ESCs, TAD boundaries are remarkably invariant (Dixon et al. 2015b;
Bonev et al. 2017). However, highly transcribed promoters can also contribute to the generation of differential TAD boundaries (Bonev et al. 2017).
The CCCTC-binding factor, CTCF, is involved in
genome organization (Phillips and Corces 2009). TAD
boundaries most often contain CTCF binding sites
oriented convergently (Guo et al. 2015) and housekeeping genes (Dixon et al. 2012). There is strong
evidence that TADs are formed by ATP-dependent loop
extrusion (ﬁgure 3B) (Fudenberg et al. 2016). This
model proposes that extrusion factors such as cohesin
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Figure 3. (A) SPRITE protocol allows ligation free detection of interactions. Crosslinked chromatin is sonicated and
resulting complexes are split in to a plate containing unique barcodes in each well. After ligation, chromatin is pooled and
split again followed by ligation. This process is repeated multiple times to extend the barcodes. This ‘‘Split, tag and pool’’
strategy makes sure that each nucleoprotein complex originating from a particular cell displays a complex and unique barcode
or a SPRITE cluster. Sequencing of these barcoded fragments allows identiﬁcation of multiple regions that interact in a
complex simultaneously. SPRITE captures long-range interactions and inter-chromosomal contacts more efﬁciently because
the protocol does not rely on proximity based ligation. Interaction frequencies are calculated as in Hi-C (ﬁgure 2A, B). (B)
Loop extrusion model of TAD formation. Loop extrusion is an ATP dependent process where a loop extrusion factor
(cohesin) in loaded on to the chromatin ﬁbre and initiates pulling chromatin ﬁbre in to a loop. Loop is thus enlarged until
extruding cohesin encounters a strong boundary such as CTCF bound sites in convergent orientation.

are loaded onto chromatin and then chromatin is
extruded in to a loop until extrusion factor encounters a
strong barrier such as CTCF sites in the appropriate
orientation (Sanborn et al. 2015; Nuebler et al. 2018).
Loop extrusion supports observed TAD structures in
Hi-C data and accurately predicts the formation of new
boundaries upon deletion of CTCF binding sites (Fudenberg et al. 2016; Sanborn et al. 2015; Nora et al.
2017). Depletion of core components of the loop
extrusion machinery (CTCF, Cohesin and Nipbl)
diminishes TADs (Nuebler et al. 2018; Schwarzer et al.
2017) and removal of WAPL, which removes cohesion
from chromosomes extends TADs (Haarhuis and
Rowland 2017).
A considerable number of TAD boundaries are
independent of CTCF (Dixon et al. 2012; Barutcu et al.

2018) and are resistant to acute CTCF depletion (Nora
et al. 2017). This suggests that there are alternative
CTCF-independent mechanisms for TAD formation.
Disruption of TAD organization also does not affect
overall segregation of A- and B-compartments (Nuebler et al. 2018; Schwarzer et al. 2017). This indicates
that there are more than one mechanisms involved in
establishing overall nuclear organization in terms of
A/B compartmentalization and TAD formation.
4. Phase separation and nuclear organization
Some macromolecules when present at critical concentrations can form separate liquid–liquid phases
which are different in their physical and chemical
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properties (Hyman et al. 2014). Many proteins that
contain intrinsically disordered regions (IDRs) can
phase separate into droplets that can fuse together
(Hyman et al. 2014; Kato et al. 2012). One example of
a phase-separated system is the organization of the
nucleolus where different proteins are known to impart
droplet-like, functionally distinct subcompartments
(Feric et al. 2016). Notably, in vitro assembled nucleosome arrays also phase separate in a manner that is
dependent on histone N-terminal tails and is sensitive
to histone tail acetylation (Gibson et al. 2019). Similarly, Polycomb bodies (Pirrotta and Li 2012) are also
driven by phase separation—attributed to Cbx2 (Tatavosian et al. 2018; Plys et al. 2018). Recent results
indicate that LEM2 can phase separate and coats
microtubule bundles and promotes binding of ESCRT
factors when nuclear envelope is resealed at mitotic
exit (von Appen et al. 2019). Several proteins involved
in DNA repair drive phase separation at repair foci (Kai
2016). There is now strong evidence that HP1 proteins
can phase-separate and impart droplet-like behaviour to
heterochromatin (Larson et al. 2017; Strom et al.
2017). The C-terminal domain (CTD) of pol II, the
mediator complex, transcription factors and coactivators contain IDRs that can impart phase separation
(Boehning et al. 2018; Plys and Kingston 2018).
Recent studies have found that these components of
transcription machinery can drive the formation of
dynamic condensates in vitro and at superenhancers
and splicing speckles in vivo (Cho et al. 2018; Chong
et al. 2018; Sabari et al. 2018; Boija et al. 2018).
5. Chromatin organization and dynamics
at nuclear periphery
The nuclear periphery harbours majority of heterochromatin which is seen as a thick (* 30–100 nm)
and irregular layer in direct contact with the nuclear
lamina (ﬁgure 1A) (Ahmed et al. 2010). The most
abundant B-type lamins are Lamin-B1 and Lamin-B2
(LamB1/B2) that originate from LMNB1 and LMNB2
genes respectively. Lamin-A and Lamin-C (LamA/C)
are two isoforms that originate from a single gene
LMNA. B-type lamins are expressed in all cell types
and are tightly bound to INM but Lamin-A/C can be
found in the lamina as well as elsewhere in the
nucleoplasm (Lund et al. 2013). Lamin-A/C was
thought to be expressed only in differentiated cells but
its low but signiﬁcant expression is evident in mouse
embryonic stem cells (mESCs) (Eckersley-Maslin et al.
2013). Apart from the lamin meshwork, the nuclear
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periphery harbours a multitude of proteins that are
either anchored in the INM or that interact with lamins
and chromatin directly and indirectly. Chromatin at the
nuclear periphery is enriched in repressive histone
marks such as H3K9me2/3 and H4k20me2, and is
depleted of histone acetylation (Kind et al. 2013;
Sadoni et al. 1999). Accordingly, artiﬁcial tethering of
reporter genes to lamina often leads to their repression,
indicating that the lamina compartment has active
mechanisms to reinforce the repressed state (Zullo
et al. 2012; Finlan et al. 2008; Reddy et al. 2008;
Leemans et al. 2019). A notable exception to this
repressive compartment is the presence of euchromatin
in the close vicinity of nuclear pore complexes (NPCs)
(Schermelleh et al. 2008; Capelson and Hetzer 2009)
where TPR, a protein located at nucleoplasmic side of
NPCs is shown to be responsible for creating a heterochromatin exclusion zone (Krull et al. 2010).
DamID maps of Lamin-B1 in human, mouse and
Drosophila cells (Peric-Hupkes et al. 2010; Meuleman
et al. 2013; Guelen et al. 2008; Pickersgill et al. 2006)
revealed the presence of large lamina associated
domains (LADs) interrupted by euchromatic segments
referred to as nonLADs or inter-LADs. Mammalian
LADs are 0.1–10 Mb in length with a median size of
0.5 Mb and cover * 35–40% of mammalian genome.
Consistent with their heterochromatic nature, LAD
chromatin is late-replicating, GC-poor and has low
gene density and gene activity compared interLADs.
While H3K9me2/3 is prevalent across the length of
LADs, LAD boundaries are often enriched with
H3K27me3 and CTCF binding sites (Harr et al. 2015).
Peripheral heterochromatin is a dynamic compartment
that undergoes remodelling during cell division and
development. A very interesting aspect of NL tethering
is that, after mitosis, LADs are stochastically reshufﬂed
and only * 30% of the LADs established in a mother
cell are in close proximity to the NL in daughter cells
(Kind et al. 2013). Some LADs can associate with
nucleolar periphery after mitosis and are termed as
nucleolus-associated domains (NADs) (Kind et al.
2013). In undifferentiated cells, peripheral heterochromatin is relatively thin and open compared to differentiated cells. Peripheral heterochromatin matures and
gets thicker during early development (Ahmed et al.
2010). Comparison of lamin-B1 DamID maps has
revealed that thousands of genes relocate towards or
away from nuclear lamina during differentiation of
mouse ESCs to neural progenitor cells (mNPCs) and
other cell types (Peric-Hupkes et al. 2010). Similarly,
many genes and enhancers are released from NL during
Jurkat T-cell activation (Robson et al. 2017). It is
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interesting that this spatial reorganization of genes,
correlates with temporal changes in replication timing
during the differentiation of mESCs (Hiratani et al.
2008). A complete account of these transactions
between NL and nuclear interior is not realized yet as
DamID maps are not available for other cell types most
probably because toxicity of Dam methylase prevents
generation of animal models (Pindyurin et al. 2016).
There are more drastic remodelling events that
completely change the nuclear architecture. Rod cell
nuclei in the retina of nocturnal mammals show a
complete reversal of this theme during postnatal
development where most of heterochromatin coalesces
at the nuclear centre and euchromatin takes an outward
location close to nuclear periphery (Solovei et al.
2009, 2013). In oncogene-induced senescence (OIS)
peripheral heterochromatin is detached from the NL
giving rise to internal senescence-associated heterochromatin foci (SAHFs) (Kosar et al. 2011; Narita
et al. 2003).
6. How is heterochromatin targeted to the nuclear
lamina?
Targeting and maintenance of chromatin at the nuclear
lamina is a complex interplay of tethering molecules
anchored in the INM, the nuclear lamina, chromatin
state, DNA sequence and chromatin modiﬁers.
6.1 Contribution of chromatin state
LADs are invariably enriched in H3K9me2 along their
entire length and this modiﬁcation is integral to the
repressive chromatin state itself. H3K9me2 is essential for
anchoring to the NL because inhibition or depletion of the
relevant histone methyl transferases (HMTs) shows loss
of anchoring to NL (Peric-Hupkes et al. 2010; Kind et al.
2013; Harr et al. 2015; Wen et al. 2009; Towbin et al.
2012; Poleshko et al. 2017). H3K9me2/3 is essential but
not enough for NL tethering because not every H3K9me2
domain is tethered to the NL. Some LADs have
H3K27me3 enrichment near their boundaries and it is
hypothesized that H3K27me3 maintains the integrity of
LADs near LAD borders (Harr et al. 2015). H4K20me2 is
another repressive histone mark that is enriched in LADs
and is bound by the tudor domain of the Lamin-B receptor
(LBR)—a transmembrane INM protein. However, the
exact contribution of H4K20me2 to NL-tethering is not
yet known (Hirano et al. 2012). Broad range inhibition of
histone deacetylation by trichostatin A (TSA) treatment

leads to loss of tethering of CFTR locus (Zink et al. 2004).
This loss of tethering does not require cell division as seen
in TSA treatment of G1 arrested cells (Zullo et al. 2012).
This indicates that repressive state of NL-tethered chromatin is continuously reinforced by histone deacetylation.
On the other hand, association of chromatin to NL generally requires cell division (Kind et al. 2013; Zullo et al.
2012; Reddy et al. 2008) indicating that breakdown and
reformation of nuclear lamina is essential for targeting and
the mechanism involves recruitment of tethering factors
during late stages of mitosis (Poleshko et al. 2013). A
notable exception to this requirement is our recent
observation that depletion of the nuclear pore basket
protein TPR can abrogate the formation and maintenance
of SAHFs in senescent cells (Boumendil et al. 2019).
6.2 Contribution of sequence
Constitutive LADs are conserved and show long
stretches of A/T-rich DNA but it is not known if A/Trich sequences contribute to NL-tethering of constitutive LADs (Meuleman et al. 2013). Zullo et al. identiﬁed lamina associating sequences (LASs) from LAD
regions and showed that LASs can target chromatin to
NL and this anchoring required GAGA sequence binder cKrox and HDAC3 (Zullo et al. 2012). Later, Harr
et al. showed that LASs taken from certain facultative
LAD borders when inserted in the genome elsewhere
cause relocation to NL and enrichment of H3K9me2
and H3K27me3 (Harr et al. 2015). This mechanism
requires Ying-Yang 1 (YY1), H3K9me2, H3K27me3
and Lamin-A/C. It is clear from these studies that at
least some locus-speciﬁc LAD anchoring is dependent
on features of underlying sequence.
6.3 LBR and LamA/C constitute two dominant
tethering mechanisms for NL association
Co-depletion of LBR and LamA/C leads to total loss of
NL tethering as seen in photoreceptor rod cell nuclei of
nocturnal mammals and dermal papilla (Solovei et al.
2013). Expression of LBR in nocturnal retina cells can
restore conventional NL tethering while LamC expression
is not enough to restore the same. It is argued that LBR and
LamA/C constitute two separate tethering mechanisms.
LBR has a direct role in tethering because of its ability to
anchor in the INM and to bind to LamB1 and HP1a (Ye
and Worman 1996; Polioudaki et al. 2001). In LBR-HP1a
complex, HP1a binds to H3K9me2 and promotes condensation of chromatin (Azzaz et al. 2014). At present, it
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is not clear how LamA/C tethers chromatin to the NL.
While the LamA/C requirement is absolute for tethering in
the absence of LBR, the LamA/C tether requires an
unidentiﬁed component. Interestingly, overexpressed
LamA/C localizes to NL but fails to rescue the inversion of
nuclei suggesting that the component required for LamA/
C tether is most likely a protein that mediates binding of
LamA/C to H3K9me2 marked chromatin. PRR14 is
possibly a strong candidate for the LamA/C-tether as
PRR14 shows HP1a- and LamA/C-dependent binding to
heterochromatin at mitotic exit and its localization to NL
in interphase (Poleshko et al. 2013). However this role of
PRR14 needs to be tested by genetic depletion of LamA/
C, HP1a and LBR in different systems to ascertain its
universality.
6.4 Many tissue-speciﬁc genes are targeted
to the NL by NETs and HDAC3
Many NETs (Lap2, Emerin Man1 and LBR) show
remarkably similar DamID proﬁles (Meuleman et al.
2013; Guelen et al. 2008; Ibarra et al. 2016; Amendola
and van Steensel 2015), but do not seem to play
redundant roles in NL tethering. Some NETs are
responsible for cell type-speciﬁc tethering of relevant
genes. For example, emerin is required for tethering of
myogenic loci (MyoD, Myf5, and Pax7) in myogenic
progenitors and for this function, interaction between
emerin and HDAC3 is required (Demmerle et al. 2013).
Similarly, Lap2 was recently shown to be essential for
HDAC3-mediated NL tethering of the genes involved in
differentiation of mESCs in to cardiac progenitors
(Poleshko et al. 2017). In these studies, depletion of
Lap2 or Emerin did not lead to total abrogation of NL
tethering indicating that these proteins (and possibly
other tissue-speciﬁc NETS (Korfali et al. 2012)) play
decisive roles in timely tethering and un-tethering of
tissue-speciﬁc genes (Robson et al. 2016, 2017; de Las
Heras et al. 2017). It is noteworthy that in many studies,
the role of HDAC3 is independent of its deacetylase
activity and HDAC3 works as a physical link between
chromatin and the NET anchors (Poleshko et al. 2017;
Milon et al. 2012; Sun et al. 2013).

Page 9 of 15

18

LamA/C (Eckersley-Maslin et al. 2013). Although
LamB1/B2 double knockout mice do not survive after
birth because of improper organogenesis, cells lacking
both LamB1 and LamB2 do not have altered NL tethering (Yang et al. 2011; Kim et al. 2011) and mESCs do
not require any of the lamins for establishment of LADs
(Amendola and van Steensel 2015). Some studies have
challenged this view and argue that loss of LamB1/B2
causes decondensation of constitutive LADs and loss of
tethering for at least some facultative LADs (Zheng
et al. 2015, 2018). It is conceivable than LamB1/B2
may promote condensation of chromatin at the NL
because of weak but multivalent interactions with DNA
and histones (Wilson and Foisner 2010).
6.6 Chromatin condensation contributes to NL
tethering
Transcription is associated with extensive chromatin
remodelling and decondensation and this could make NL
tethering of the locus untenable. It is indeed true that a
silent and NL-tethered transgene can overcome NL tethering and diffuses away in to the interior when activated
by artiﬁcial means (Carpenter et al. 2005; Chuang et al.
2006). However, the condensed state of chromatin seems
more important for NL-tethering than transcription itself
because chromatin decondensation without activating
transcription is enough to break the NL tethering of
endogenous genes (Chuang et al. 2006; Therizols et al.
2014). It remains to be seen whether decondensation of
chromatin is indeed the ﬁrst step in the activation of the
genes buried in peripheral heterochromatin and how
transcription factors achieve this decondensation?
6.7 Contribution of nuclear pores
We recently showed that an increased nuclear pore density
during OIS is required for SAHF formation (Boumendil
et al. 2019). It is proposed that the heterochromatin
exclusion activity of nuclear pore basket protein TPR,
plays an important role in SAHF formation and maintenance. Presently it is not known how TPR causes
detachment of LADs from NL in SAHF formation?

6.5 Contribution of B-type lamins
7. Regulatory impact of 3D gene positioning
The role of LamB1 and LamB2 in NL tethering is
controversial, however it is clear that loss of both
LamB1 and LamB2 does not lead to total loss of NL
tethering in cells lacking, or with very low levels of

There is ample evidence that spatially segregated
compartments in the nucleus impact gene expression.
Gene activity inside LADs is generally very low and
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recruitment of genes to NL is correlated to transcriptional repression of individual genes (Finlan et al.
2008; Reddy et al. 2008) and reporters (Akhtar et al.
2013) with few exceptions (Kumaran and Spector
2008). Accordingly, transcription factor binding to a
given motif is several fold lower inside a LAD than the
same motif present in interLADs in general (Akhtar
et al. 2013). In addition to this, promoter sequences
have different sensitivities to the repression imposed by
LAD chromatin (Leemans et al. 2019). Leemans et al.
showed that the LAD environment can impede promoter activity and transcription elongation in general,
but some promoters are less sensitive to repressive
LAD environment independent of promoter strength
(Leemans et al. 2019). These studies indicate that
tethering to NL can often lead to repression. However,
for endogenous genes, it is not clear to what extent
their repression is mediated by NL tethering? For
example, not all genes that relocate into nuclear interior
during differentiation of mESCs get activated while
most of those moving to periphery get repressed (PericHupkes et al. 2010). This indicates that in many cases,
loss of NL tethering may not trigger gene activation
which depends on the availability of necessary transcription factors.
Developmental and cell type speciﬁc genes are enriched in facultative LADS (fLADs) and many fLADs are
very close to LAD borders (Harr et al. 2015). One such
example is the T cell receptor b (Tcrb) locus which sits
close to a LAD border and deletion of the LAD boundary
causes detachment of the locus from NL, upregulation of
transcription and increased recombination frequency at
the locus with a spread of H3K27ac to 200 Kb from the
downstream Tcrb enhancer but no change in H3K9me2
levels (Chen et al. 2018a). This example indicates that
NL tethering of the locus shields the genes in the locus
from the action of the Tcrb enhancer independent of
heterochromatin state.
Many genes are known to loop out from their CTs
and, gene density and transcription can inﬂuence this
looping (Mahy et al. 2002). However, it is possible that
active genes may loop out of CT but looping is not
necessary to facilitate gene expression (Morey et al.
2009). Recently it has been shown that heat shock
induction of Hsp70 leads to ampliﬁed transcription if
the gene associates to a nuclear speckle (Kim et al.
2019), an indication that 3D position can determine
transcriptional output. However it is possible that the
increase in MS2 signal seen in this experiment is
because nuclear speckle is a phase-separated environment favouring the accumulation of MS2 tagged nascent RNA.

Nuclear position is also linked to DNA repair process. In mammalian cells, double strand breaks (DSBs)
are positionally stable dependent on binding of Ku80
and translocations are favoured between neighbouring
chromosomes. Lack of this positional constraint was
found to correlate with increase in genomic instability
(Soutoglou et al. 2007). While efﬁciency of repair
seems independent of nuclear position, DSBs inside the
LADs fail to mount DNA damage response and repair
by homologous recombination (HR) pathway and are
repaired by alternative end-joining (Lemaitre et al.
2014).

8. Conclusions and future outlook
Our understanding of genome organization within the
nucleus has advanced to a great extent from earlier
observation of spatial segregation of heterochromatin
and euchromatin by microscopy. This progress can be
attributed to development of high resolution microscopy methods, single-molecule FISH, live cell imaging and various genome-wide methods built upon nextgeneration sequencing. The nuclear periphery is the
largest nucleoplasmic surface which is ﬁxed and it
guides many aspects of chromatin organization.
Transactions of genes between the nuclear lamina and
nuclear interior during differentiation are an indication
that spatial position is linked to the control of gene
expression. A complete account of these transactions
between the NL and nuclear interior is not realized yet
as DamID maps are not available for other cell types.
This is an area where understanding of nuclear organization would beneﬁt by generation of in vivo models
of DamID and cataloguing the relocation of genes
between the nuclear periphery and nuclear interior. The
current challenge is to ascertain if spatial constraints
imposed by peripheral tethering are regulatory in nature
and not just correlations. In this direction, it is vital to
know how transcription factors overcome the heterochromatin barrier and the spatial constraint imposed
by peripheral tethering. It is apparent that decondensation of target chromatin may be enough to break the
spatial constraint and now we need to investigate if this
decondensation precedes activation and is a requirement for gene activation inside LADs when transcription factors are employed during differentiation. Hi-C
mapping of genome wide interactions have revealed
the topological arrangement of chromosomes, but
future experiments are required to discover mechanisms of CTCF independent TAD boundaries. We have
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also not yet fully realized the importance of TAD
organization in gene regulation.
Inter-chromosomal hubs, especially the clustering of
active genes around splicing speckles is an active area of
research. In many studies, it is evident that association of
a gene to nuclear speckles can increase transcriptional
output however it is not clear whether genes need to
associate with these nuclear bodies in order to get activated? It is becoming increasingly evident that phase
separation is a general principle of organization in the
nucleus and this is currently reshaping our understanding of how active and inactive compartments of the
genome separate and the nature of the transactions
between them. It appears that for each kind of compartmentalized activity (nuclear bodies, heterochromatin
compartment, DNA repair, RNA splicing) there is a
distinct form of phase separation created by speciﬁc IDR
containing proteins. At present, we do not fully understand how phase separation can be regulatory in different nuclear processes especially in the dynamics of gene
regulation during development. Future enquiries in to
how phase separation changes and regulates kinetics of
transcription machinery would be very valuable.
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