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Abstract

The cell nucleus is a remarkably well-organized organelle with membraneless but distinct
compartments of various functions. The largest of them, euchromatin and heterochromatin, are
spatially segregated in such a way that the transcriptionally active genome occupies the nuclear
interior, whereas silent genomic loci are preferentially associated with the nuclear envelope. This
rule is broken by rod photoreceptor cells of nocturnal mammals, in which the two major
compartments have inverted positions. The inversion and dense compaction of heterochromatin
converts these nuclei into microlenses that focus light and facilitate nocturnal vision. As often the
case in biology, when a mutation helps to understand normal processes and structures, inverted
nuclei have served as a tool to unravel general principles of nuclear organization, including
mechanisms of heterochromatin tethering to the nuclear envelope, autonomous behavior of small
genomic segments and euchromatin heterochromatin segregation.

Introduction

The nuclei of practically all animal cells have a common general plan of genomic
organization: transcriptionally active euchromatin is positioned within the nuclear interior,
whilst silent heterochromatin resides at the periphery [1, 2]. A unique exception from this
nuclear plan is found in rod photoreceptors of nocturnal mammals, in which eu-and
heterochromatin have exchanged positions [2, 3]. Regardless of the intranuclear positioning
of eu-and heterochromatin, their segregation appears to be central to the functional
organization of the genome and has been widely accepted as one of the crucial factors in the
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regulation of transcription [4-6]. In the past decade, substantial progress has been made in
understanding genome folding within the nucleus, as well as the mechanisms of eu-and
heterochromatin compartmentalization [7-10]. Just as a mutation helps us to understand
universal processes and structures, the abnormal organization of rod photoreceptor nuclei in
nocturnal mammals can be exploited to understand the basic principles of nuclear
organization. In particular, mouse rod nuclei with their clearly segregated and concentrically
arranged compartments serve as an excellent model to study molecular tethers that hold
heterochromatin at the nuclear periphery, mechanisms that drive nuclear
compartmentalization and the major players in these processes.

In the first half of this review we outline the current knowledge about the two types of
nuclear organization, conventional and inverted, and discuss why the inverted nuclear
structure may be disadvantageous. The second part of the review focuses on aspects of
nuclear organization that were elucidated through studies of inverted rod nuclei.

Two strategies to build the cell nucleus

The universal conventional and the unique inverted nuclear designs

Our current knowledge about the organization of the animal genome in the cell nucleus is
based, on the one hand, on various types of microscopy and, on the other hand, on genome
wide approaches, such as DamID and Chromosome Conformation Capture (3C)-techniques
(Box 1). Both approaches provide growing evidence that the genome is spatially segregated
into large chromatin domains with different structural and functional characteristics.

Microscopy after immunostaining or fluorescence /n situ hybridization (FISH), allows one to
distinguish three major types of chromatin occupying different nuclear positions (Figure
1A): euchromatin (EC), heterochromatin (HC) and constitutive heterochromatin (cHC) [2].
EC is gene-rich, SINE-rich and transcriptionally active, marked with transcription-associated
histone modifications, such as H3K4me3, H3K27ac, H3K36me3, H3/H4ac, and resides in
the nuclear interior. HC is gene-poor, LINE/LTR-rich, mostly transcriptionally inactive and
found at the nuclear and nucleolar peripheries. Despite their different functions for
chromatin regulation, the two histone modifications, H3K27me3 and H3K9me2/3, both
mark HC, although H3K27me3 is also frequently found within EC as a mark of a special
type of short Polycomb-silenced regions [11]. The third type of chromatin, cHC, consists of
highly repetitive sequences (satellites), typically accumulated in subcentromeric regions,
lacks expression of coding RNA, although considered not completely silent [12], is marked
with H3K9me2,3 modifications, and has the same nuclear locations as the other
heterochromatin (Figure 1A).

3C techniques, in particular Hi-C, measure contact frequencies among genomic regions,
with the exception to highly repetitive segments formed by cHC (Box1), and thus detect two
distinct compartments alternating along chromosomes historically called A and B (Figure
1C). A correlation of A and B compartments with epigenetic signatures and gene expression
profiles allowed to identify the two compartments to be EC and HC, respectively [2, 8, 13].
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The conventional nuclear arrangement described above is characteristic of all animal cell
types with one known exception, the rod photoreceptor cells of nocturnal mammals. In rod
nuclei, the positions of EC and HC are inverted: heterochromatin, including both cHC and
HC, occupies the nuclear center, while euchromatin is displaced to the periphery [3] (Figure
1B). Remarkably, nuclear inversion, albeit not currently known to hinder any nuclear
processes, is likely to be strongly disadvantageous for nuclear function (see the next chapter)
but, as it turned out, confers improved vision under low-light conditions [3, 14].

Since Hi-C measures contacts between pairs of genomic regions, it is insensitive to the
spatial location of these regions in the nucleus, as long as a pair stays together (Box 1) and,
therefore, Hi-C maps do not show changes in the global spatial arrangement if contact
frequencies stay the same. This is why, in contrast to those using microscopy and seeing
striking morphological differences between inverted and conventional nuclei (Figure 1A,B),
researchers utilizing 3C technology are not particularly excited by the fairly similar Hi-C
maps of the two nuclear types (Figure 1C). Indeed, the major nuclear features that can be
deduced from Hi-C experiments compartments, chromosome territories, topologically
associating domains, or TADs, are present in rods as in other cell types [15, 16]. This finding
is in agreement with the fact that in both inverted and conventional nuclei the three
chromatin classes, EC, HC and cHC, have the same epigenetic marks and are enriched in
similar chromatin-associated proteins [17, 18].

Some quantitative differences between nuclei of rods and other cells, however, can be
detected in Hi-C data. Chromosomes in rods exhibit a high trans/cis contact ratio, pointing at
a weak chromosome territoriality, which has also been confirmed by microscopy [15]. Since
the chromosome territory is apparently a reflection of packaging chromatin into a compact
mitotic chromosome for cell division but not for nuclear function, the longer a chromosome
remains in a postmitotic state, the less territorial it becomes as a result of various types of
chromatin movements [19-22]. This explains why in postmitotic neurons territoriality is
weaker than in cycling lymphocytes [15, 23]. What is more, weak territoriality in rods is
caused not only by “long life” but also by “hard life”. Nuclei of postmitotic rod precursor
cells are primarily conventional and in the process of inversion, they undergo global spatial
reorganization, involving dissociation of chromocenters from the nuclear periphery and their
merging in the nuclear center [3]. Such dynamics, reinforced by gradual loss of tethering to
the nuclear lamina, leads to chromosome refolding and stretching within nuclei of
differentiating rods [15]. A weak territoriality has also been reported for olfactory sensory
neurons, which too undergo global nuclear rearrangements during differentiation [24, 25].
The number of interchromosomal contacts increases from 17.9% in multipotent olfactory
progenitors to 35.6% in mature neurons [26]. The complicated chromosome dynamics
during the differentiation of these two types of neurons ultimately results in a partial
chromosome mixing and hence less discrete chromosome territoriality.

Heterochromatin in rods builds a lens

In mouse rods, all the cHC regions are tightly packed in one central chromocenter of ca. 2
um in diameter that is surrounded by a HC shell with a thickness of ca. 1 pm, which is in
turn surrounded by a not more than 0.5 um thick EC shell (Figure 1B). Thus, the volume of
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the rod nucleus, which is ca. 5 um in diameter, is divided approximately in half between EC
and HC. While the central rod chromocenter (cHC) occupies about 6% of nuclear volume, it
constitutes about 10% of the entire mouse genome [27, 28]. This suggests about 1.8-fold
higher volume density in the chromocenter than in the rest of the chromatin, and is
consistent with an approximately 2-fold higher density in the densest region in the
conventional interphase nucleus and mitotic chromosomes measured by ChromEMT [29].
Nonetheless, the physical properties of the densely packed heterochromatic core, formed by
cHC and HC, are pretty unusual for instance, it is not penetrable to free GFP molecules in
rods, whereas in conventional nuclei GFP molecules freely go through heterochromatin of
both types [14]. Moreover, the core is highly refractive and shows physical properties of a
lens focusing light [3, 30]. Given that the difference in DNA concentration between the
heterochromatic core and EC is not high, one can speculate that the unusual density of the
rod core structure is caused by a high accumulation of proteins. Since the exact molecular
components of the rod nuclear core are not known, we can only speculate in favor of this
notion based on the comparable refractivity of the rod nuclear core and the nucleoli, the
most protein-rich structures in the nucleus.

Since rod perikarya are almost entirely occupied by nuclei, regular columns of rod perikarya
in nocturnal retinas (up to 10-12 perikarya in a column) are practically composed of lenses
stacked upon each other (Figure 2A,B). Due to this arrangement, light travelling through the
columns of lenses is significantly less scattered, facilitating light sensitivity in low-light
(scotopic) conditions [3, 14, 30]. In agreement with this, the inverted nuclear arrangement is
found only in nocturnal mammals, whereas rod nuclei of diurnal mammals (living in
photopic conditions) have conventional architecture [3, 31, 32] (Figure 2B,C). Of note, rod
nuclei of nocturnal species that do not possess such big cHC blocks as mice, e.g. rat and
ringtail possum, still have a dense central HC core (Figure 2B), in this case, consisting
presumably of interspersed repeats.

Inverted see better, conventional work better

Despite the major spatial reorganization, the inverted architecture does not hamper nuclear
functions or, at least, does not interfere with high transcriptional activity in rods. Does it
mean that the spatial arrangement of chromatin is not important for nuclear functions?
Before answering this question, we need to understand some evolutionary aspects of
inversion.

Inverted rod nuclei are present in Theria but not Monotremata taxa (our unpublished data),
indicating that inversion has probably evolved as a specific adaptation to nocturnal vision
before the splitting of Theria to Placentalia and Marsupialia (ca. 150 MYA), but after the
divergence of Theria and Monotremata (ca. 170 MYA) [3] (Figure 2C), which corresponds
to data on the evolution of cone visual pigments in mammals [33-35]. Since vision is such
an important trait for survival, it is tempting to speculate that it could have driven vertebrate
genome evolution. Thus, an attractive hypothesis is that, since nocturnal rods required more
heterochromatin to build up microlenses, repetitive non-coding DNA became abundant in
Theria genomes as an adaptation to vision. Indeed, on average, the genomes of Placentalia
and Marsupialia are larger in comparison to Monotremata and other diurnal taxa, such as
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birds and reptiles, and enriched in highly repetitive sequences, as well as in interspersed AT
rich LINE1 and LTR repeats [36-38].

Later in evolution, some mammalian groups independently re-acquired a diurnal lifestyle
(Figure 2C). These events were accompanied by re-arrangement of rod nuclear structure
from inverted to conventional. In other words, as soon as the evolutionary pressure for
nocturnal adaptations is removed and retinas do not need a microlens system, rod nuclei
return to the conventional shape [3, 31], suggesting that there should be strongly
disadvantageous aspects in the inverted chromatin arrangement. Development of inversion or
re-inversion is apparently a long process that requires millions of years. This is why in
secondary nocturnal mammals, such as the primates Aotusand T7arsius, conventional rod
nuclei do not undergo a new round of inversion but the groups develop other anatomical
adaptations to nocturnal vision [32].

We do not know why inversion is disadvantageous for nuclear functions (see Outstanding
Questions). One hypothesis could be that the inverted chromatin arrangement hampers the
intra and inter-chromosomal interactions necessary for proper regulation of transcription or
efficient DNA repair. Indeed, squeezing genic regions of chromosomes into a narrow
peripheral shell converts rod euchromatin into a practically two-dimensional structure
(Figure 1B), compared to the three-dimensional euchromatin in the nuclear interior of other
cell types (Figure 1A). This may limit the options for spatial regulation of transcription [39—
41], or efficient DNA repair of double-strand breaks [42], e.g. by reducing the efficiency of
interactions between homologous chromosomes for DSB repair. Moreover, the lack in
inverted nuclei of HC tethering to the nuclear lamina, that is widely accepted as a major
mechanism of gene silencing and suppression of mobile elements [43], might be another
strong drawback rendering inverted nuclei disadvantaged.

Another known example of nuclei without intra and inter-chromosomal interactions and
without a broad contact with the nuclear envelope is found in Diptera somatic cells
containing polytene chromosomes [44, 45]. As the case with rods, the cells with polytene
chromosomes are postmitotic and highly specialized for massive expression of certain genes.
In both discussed examples the basic rules of genome regulation are apparently modified to
satisfy other cell type-specific physiological needs.

In conclusion, although inverted rod nuclei improve vision and are capable of high gene
expression, they are selected against evolutionarily. This confirms the current paradigm of
nuclear biology that spatial chromatin arrangement is highly important for nuclear function.

What inverted nuclei tell us about conventional nuclei

Chromatin positioning by two major peripheral heterochromatin tethers

Mechanisms that position chromatin within the nucleus should be clearly distinguished from
mechanisms that lead to segregation of different types of chromatin. The main and the best
studied mechanism of chromatin positioning is anchoring of HC to the nuclear lamina,
resulting in sequestration of silenced loci to the nuclear periphery and formation of genomic
regions named lamina-associated domains (LADs) [46—49]. LADs represent one third of the
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mouse and human genomes and predominantly reside in the heterochromatic compartment.
Correspondingly, LADs are enriched in LINES/LTR and silencing histone modifications
(H3K9me2, H3K9me3), and are either depleted of genes or contain mostly lowly expressed
or silenced genes [49]. Maintenance of lamina-proximal positioning is attributed to H3K9 di
and trimethylation and Lamin B1 methylation [50-53].

The term “lamina-associated domain” is somewhat misleading because LADs can be found
in both silencing compartments-near the nuclear lamina and around the nucleoli [48]. LADs
are tethered to the nuclear lamina via transmembrane proteins (see below), but what attracts
LADs to nucleoli remains unknown [2, 48, 54]. The nucleolus is a highly structured nuclear
organelle formed around ribosomal repeats and surrounded by so called perinucleolar
chromatin [55, 56]. Most of the perinucleolar chromatin, but not all [57], originates from HC
arrays flanking nucleolar organizing regions and excluded from the nucleolar interior. One
can speculate that the layer of perinucleolar HC attracts other HC regions via a phase
separation mechanism (see below) that is possibly mediated by the Ki-67 protein [58], and
thus initiates formation of the perinucleolar HC rim. Of note, similarly to the layer of
peripheral HC, the thickness and composition of the perinucleolar HC rim strongly vary
between species, cell types, and differentiation stages [57], indicating a highly dynamic
nature of these nuclear subcompartments.

How are LADs released from the nuclear lamina in inverted nuclei and what anchors them to
it in conventional nuclei? In contrast to other cell types, inverted rods lack two ubiquitous
proteins of the nuclear envelope, Lamin B Receptor (LBR) and Lamin A/C (LAC) (Figure
3B1). An extensive study of LBR and LAC expression in multiple mouse tissues at different
developmental stages showed that in various cell types at least one, if not both proteins are
present (Figure 3A1). Moreover, expression of LBR and LAC is temporarily coordinated
during development and cell differentiation with LBR preceding LAC. Thus, during
embryogenesis and the first postnatal days, all neurons in the retina express only LBR,
which is then gradually substituted by LAC [31]. In contrast to all other retinal cells, rods
strongly downregulate LBR expression to an apparently negligible level [59], but never turn
on expression of LAC. Importantly, LBR downregulation temporally coincides with the
reorganization of the initially conventional rod nuclei into inverted ones, which is manifested
firstly, by the dissociation of chromocenters from the nuclear periphery and their merging
into a single central chromocenter and, secondly, by the formation of a HC shell around the
chromocenter [3]. Comparable merging of chromocenters was also observed in mouse
olfactory neurons, which similarly to rods downregulate LBR expression during
differentiation [25, 60], but maintain lamin A/C expression and thus remain conventional
with HC distributed throughout the nucleoplasm and several chromocenters adjacent to the
nuclear envelope. These observations led to the hypothesis that the lack of or low level of
both LBR and LAC causes nuclear inversion [31] (Figure 3).

Work with knockout mice deficient in LBR, LAC, or both, revealed that these proteins are
parts of the two different tethers of peripheral heterochromatin (Figure 3C1,2). In LBR-null
mice, nuclei of those cells that do not normally express LAC, become inverted, e.g.
lymphocyte nuclei (Figure 3A2). In LAC-null mice, nuclei of those cells that do not
normally express LBR, become either inverted, e.g., fibroblasts of the dermal papilla, or
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remain conventional as a result of upregulation and prolongation of LBR expression, e.g.,
keratinocytes (Figure 3A3). Transgenic expression of LBR in mouse rods is sufficient to
localize HC and cHC to the nuclear periphery and thus effectively counteracts nuclear
inversion, restoring a conventional architecture (Figure 3B2). At the same time, expression
of only lamin C does not change the inverted nuclear arrangement (Figure 3B3), pointing to
lamins A and C being scaffold proteins that bind chromatin primarily through their partners,
which might be not expressed in mouse rods.

The two proteins are sequentially used during cellular differentiation and development by
exerting differential gene regulation [31, 61, 62]. Based on the developmental dynamics of
the two tethers, one can speculate that the LBR-dependent tether is more ancient than the
LAC-dependent tether, with the latter evolving as an additional layer of gene regulation
during cell differentiation. This consideration agrees with the existence of many
transmembrane proteins that bind both LAC and chromatin and are differentially expressed
during development and differentiation in various cell types [63-66].

As expected, rods of various nocturnal mammals do not express LBR or LAC, in contrast to
rods of diurnal mammals [31, 32], where just one of these tethers is present and sufficient to
maintain the conventional nuclear architecture in these cells (Figure 2C). In support of the
concept of an independent origin of diurnality in mammalian groups, different mammalian
groups switch on different peripheral tether (Figure 2C).

The discovery of the two major peripheral tethers does not exclude the existence of other
mechanisms for HC binding to the nuclear periphery. In this respect, cultured human cells
with oncogene-induced senescence draw special attention. Upon induction of senescence,
cells significantly downregulate the levels of nuclear membrane proteins, such as lamins A/C
and B1, LBR, MANL1, which in turn causes partial dissociation of heterochromatin from the
nuclear periphery and formation of so-called senescence-associated heterochromatin foci
[67-69]. However, it is still unknown what causes eviction of peripheral HC and what the
mechanisms of foci formation are. Interestingly, both phenomena have been recently
attributed to an increased number of nuclear pores in senescent cells and, more specifically,
to a high concentration of the nucleoporin TPR [70].

In summary, studies of inverted nuclei led to the identification of two major tethers of
heterochromatin to the nuclear periphery (Figure 3C). Whether the tethers act on the same
genomic regions and recognize the same histone marks and types of heterochromatin (HC or
cHC) and what the components of the A/C-depended tether are, remains to be investigated.
Further work is needed to uncover other tethers that anchor heterochromatin to the nuclear
lamina (see Outstanding Questions).

Chromatin compartmentalization: attraction drives segregation

Maintenance of spatial segregation of HC and EC in inverted nuclei shows that the
segregation is driven by a process that does not involve tethering to the lamina. From the
physics point of view, spatial separation of EC and HC is reminiscent of the classical picture
of microphase separation in a mixture of different types of polymers, or in polymers made of
monomers of different types (block copolymers). Higher affinity (i.e. attraction) between

Trends Cell Biol. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feodorova et al.

Page 8

monomers of the same type drives formation of areas predominantly occupied by monomers
of one type, even if these regions remain liquid in nature. This well-studied phenomenon in
polymer physics has recently attracted a great deal of attention in biology [8], with proposals
that formation of membraneless compartments in both the cytoplasm [71-73] and
nucleoplasm [74, 75] constitute such liquid-liquid phase separation. In the context of the
nucleus, separation of chromatin can be driven by higher affinity of EC regions to each
other, HC regions to each other, or both.

EC-centered models of compartmentalization suggest that clustering of active genomic
regions around the transcription [39, 41, 76] and splicing [77-79] machineries mediates their
mutual affinity and generates separation. The plausibility of such a scenario was supported
by computational modeling [80, 81]. Moreover, super-resolution microscopy of zebrafish
embryos showed that cluster aggregation within EC is driven by the exclusion of inactive
chromatin from RNA-enriched microenvironments containing expressed genes [82].
Furthermore, transcription factor activation domains can form phase-separated condensates
with the Mediator coactivator at super-enhancers and thus compartmentalize the
transcription apparatus [39, 83-86]. Hi-C studies also observed a particularly high contact
frequency between transcribed long multi-exonic genes, suggesting the role of splicing in
these interactions [87, 88]. The spatial segregation of HC and EC, however, seems to be
independent of transcription because the intra-and inter-chromosomal contacts persist after
transcription inhibition [89] or in largely transcriptionally inert pronuclei [90] and sperm
cells [91, 92]. Together, these studies suggest that although transcription is a major
organizing force within the euchromatic compartment, it is not what drives large-scale
segregation between EC and HC. A HC-centered model of compartmentalization (see
below) is based on the observation of high affinity between HC regions marked by silencing
histone modifications and associated proteins. It remains to be seen whether such affinity is
driven by direct interactions between histone tails [75], or mediated by other proteins, e.g.
HP1a that can be induced to form droplets [93-95].

Compartments are marked by repeats

Mouse rod nuclei are a convenient model to study the formation of compartments, since they
exhibit a remarkable degree of segregation between EC and HC, which is evident from both
microscopy [17] and compartment strength detected by Hi-C analysis [15]. All three types
of chromatin are marked by a characteristic repeat repertoire: cHC is formed by satellites,
HC is enriched in interspersed repeats LINEs and LTRs, EC is populated by SINEs [2, 3].
Such conspicuous differential enrichment led to the suggestion that EC and HC segregation
in general can be based on mutual recognition and attraction of homotypic repeats [2, 96—
98]. Moreover, this hypothesis predicts that building of the interphase nucleus is a self-
organizing and largely predetermined process, because homotypic repetitive sequences find
each other during early interphase, and as such can serve as a minimal model for the
separation of EC from HC.

The hypothesis that repeats are the driving force for compartmentalization was tested
experimentally by using a human artificial chromosome introduced into mouse. The
chromosome included 4 Mb of human chromosome 1 and consisted of 3 structurally
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different segments (Figure 4): centromeric cHC, gene-poor HC and gene-rich EC, enriched
in the corresponding interspersed repeats [99]. Since in rod nuclei, chromatin types are
clearly segregated and form regular concentric shells [3, 17] (Figure 4), they offer an
opportunity to estimate the spatial distribution of human artificial chromosome segments
between different chromatin types microscopically. Using retinas from mice carrying human
chromosome, it has been shown that xenospecific segments are positioned strictly within the
same mouse chromatin type and thus demonstrate autonomous behavior [100]. In particular,
about 85% of human centromeres cluster with mouse centromeres in the proximity to
chromocenters; about 90% of LINE/LTR-rich HC segments reside within the LINE/LTR-
rich HC shell and more than 90% of SINE-rich EC segments are associated with the SINE-
rich peripheral shell of rod nuclei [100]. These results on rods have been further confirmed
by 4C analysis of mouse fibroblast nuclei carrying a human artificial chromosome, showing
that xenospecific EC and HC segments share the corresponding nuclear compartments also
in conventional nuclei [100]. A recent study on mouse ESCs provides further experimental
support to the role of homotypic repeat clustering. It presents an evidence that L1 transcripts
play a crucial role in the segregation of L1 and B1 (LINEs and SINES) enriched
compartments [101]. Thus, there is a clear indication that self-attraction of different types of
chromatin can underlie the segregation, as opposed to intranuclear positioning of HC and
EC. Relative contributions of HC/EC-specific histone marks and direct DNA sequences to
compartmentalization are yet to be understood.

Heterochromatin drives compartmentalization

In the context of many competing ideas for the mechanisms of HC and EC
compartmentalization discussed above, inverted rod nuclei constitute an ideal system for
testing proposed models. First, the absence of lamina tethers helps to isolate the roles of
interactions between EC and between HC loci. Second, development of nuclear inversion
upon loss of HC peripheral tethering [31] provides sufficient constraints to develop models
that can reproduce separation of HC and EC in both conventional and inverted nuclei.

To examine the roles of EC, HC and cHC in compartmentalization, a polymer model of
mouse chromosomes has been developed to reproduce both compartmentalization measured
from Hi-C maps and spatial segregation seen in microscopy [15]. In the model, each
chromatin type is given varying affinities for itself and for the other types (Figure 5).
Depending on these affinities, chromosomes fold differently. The model demonstrates that in
the absence of tethering to the lamina, the inverted architecture could be reproduced if cHC
regions had the strongest affinity to themselves, followed by strong affinity among HC
regions, whereas attractions between EC regions are dispensable (Figure 5). Moreover, even
in models without cHC, reflecting the lack of prominent chromocenters in other mammalian
rods, simultaneous agreement with Hi-C and microscopy data can still be achieved. By
adding interactions between heterochromatin and the lamina, the same model can
successfully recapitulate the conventional nuclear organization [15] (Figure 5). Importantly,
cHC, HC and EC compartments formed due to this process remain liquid, and the relative
density in HC is only 20% higher than in EC, and about 2-fold higher in cHC than in EC.
Since the inverted nuclear morphology arises from the conventional one during terminal
differentiation of rod photoreceptor cells after downregulation of LBR expression, it is
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particularly interesting to see that models of initially conventional nuclei invert in a manner
closely mirroring the events observed /n vivo during rod differentiation upon turning off
lamina-interactions [15]. Furthermore, nuclear compartments in modeled inversion remain
separated during the whole reorganization process similarly to observed separation of
compartments in differentiating rods /n vivo[3].

Collectively, microscopy, Hi-C analysis and polymer modeling showed that attractions
between HC regions are central for the separation of the active from the inactive genome in
inverted and conventional nuclei, whereas lamina-heterochromatin attraction is needed for
the spatial organization of conventional nuclei. Strikingly, the building of compartments and
their proper arrangement in the modeled nuclei do not require interactions among
euchromatic regions. In light of these findings, we suggest that inversion is the default
nuclear status, which is perturbed by lamina-association. The outstanding question is why
heterochromatin tethering to the nuclear lamina that generates spatial positioning of HC and
EC in conventional nuclei, is advantageous (see Outstanding Questions).

Concluding Remarks

During the last quarter of a century, the awareness about the spatial organization of the
genome within the nucleus as a key component of genome function has become a textbook
knowledge. For practical reasons, most of the accumulated knowledge is based on studies of
permanent or primary cell cultures, that all have somewhat similar nuclear organization. In
this review we tried to provide evidence for the importance of working with cells in their
native tissue environment allowing to see and take advantage of the diversity of nuclear
architectures there. To justify this notion, we explored rod photoreceptors in nocturnal
mammals, whose nuclei turned out to be dramatically different from the nuclei of all other
mammalian cells. The peculiar inverted structure of nocturnal rods is paradoxically not
linked to nuclear function but plays an important role in retinal optics. Nonetheless,
comparison of conventional and inverted nuclei allows studying fundamental aspects of the
nuclear architecture. These aspects include general mechanisms of chromatin segregation
and spatial positioning of chromatin compartments. The exact molecular players in these
processes, however, remain largely unknown and we foresee that inverted nuclei of
mammalian rods will be further harnessed to resolve other questions in the field, e.g. those
listed in the Outstanding Questions Box.
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Text box 1.
Genome-wide approaches to study genome spatial organization.

Microscopy detects overall spatial arrangements of genomes, chromosomes,
chromosomal segments or single genes in the nucleus. Genome-wide methods such as
Hi-C, mostly detect relative spatial genome arrangements. Other genome-wide
approaches, such as Dip-C [16, 102], TSA-Seq [103], SPRITE [104], assess both relative
and overall distributions of chromosomal loci. Another genome-wide technique DamID
[105] allows one to define genomic loci residing in proximity to a structure of interest.
Below we describe only a selection of genome-wide methods.

Chromosome conformation capture (3C) technology.

3C-based methods are a series of methods that use chromatin crosslinking, restriction
enzyme digestion, ligation and sequencing to detect pairwise DNA interactions, e.g.
between two genomic loci (3C) or genome-wide (HiC). In the latter case, contact
frequencies between genomic regions are used to generate global 3D maps of the genome
either in a population of cells (bulk HiC, [13] or in single cells (single-cell-HiC, [106]).
In contrast to microscopy, bulk Hi-C detects the relative spatial arrangement of
chromosomes and compartments, rather than their overall position. For instance,
enrichment of interchromosomal contacts between small chromosomes and depletion of
contacts between small and large chromosomes, detected in human lymphoblastoid cells
[13], only hint at the more central position of small gene-rich chromosomes (chr 17, 19—
22) and the more peripheral location of the larger (chr 1-8) and gene-poor (chr 18)
chromosomes, a finding made by microscopists 10 years earlier [107, 108].

DipC.

DipC is a single-cell chromatin Hi-C that uses a high-coverage whole-genome
amplification with multiplex end-tagging amplification (META) [102]. With DipC the
two homologous chromosomes can be distinguished from each other in diploid cells.
Remarkably, the inverted organization of mouse rod nuclei was deduced from DipC
contact maps [102], but not from bulk Hi-C maps, which suggests that DipC is a
powerful technique to study the radial distribution of genomic loci. Mouse chromocenters
consist of merged blocks of subcentromeric major satellite repeats from different
chromosomes and thus represent typical constitutive heterochromatin, which cannot be
“seen” by analyses based on sequencing. However, single cell Dip-C allows “to outline”
the position of chromocenters in mouse nuclei, at least in cases when there are only 1 or 2
chromocenters [16].

SPRITE, split-pool recognition of interactions by tag extension.

SPRITE is a powerful new technique that enables genome-wide mapping of multiple
DNA interactions [104]. SPRITE, likewise Hi-C, relies on chromatin crosslinking and
digestion but does not use restriction enzymes allowing for multiple regions of interacting
DNA to stay together in a cluster that receives a unique barcode enabling its
identification and the mapping of the interacting sequences. Another advantage of the
method is that it identifies interactions at further nuclear distances and with nuclear
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bodies such as the nucleolus or speckles. It can also be used to create more complex maps
of combined DNA, RNA and protein interactions.

TSA-seq, tyramide signal amplification sequencing.

TSA-seq is a method used for measuring cytological distances genome-wide and relative
to a particular nuclear compartment [103]. It is based on the ability of TSA to label DNA
directly and uniformly by producing biotin-tyramide free radicals using a HRP-
conjugated antibody to a particular target. Upon TSA the concentration of free radicals is
highest at the target and spreads away from it, thus creating a concentration gradient,
which provides distance-dependent biotin labeling.

DamID, DNA adenine methyltransferase identification.

One of the best established genome-wide “spatial” technique is DamID, the approach that
withstood the test of time in the last 15 years. The method utilizes the bacterial N6-
adenine methyl-transferase Dam fused to a protein of interest to detect genomic regions
that are in close proximity to the Dam fusion partner and thus undergo methylation by
Dam [105]. In the nuclear field, it was initially used to identify genomic loci associated
with the nuclear lamina, so called lamina-associated domains, or LADs [46]. Fusion of
DNA adenine methyltransferase with nuclear lamina proteins allows to correlate the
dynamics of lamina-association with the transcriptional activity of genes during
differentiation and development [109], as well as can predict the average nuclear position
(internal/peripheral) and shape (voluminous/flat) of a particular chromosome [2].
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Outstanding Questions Box

. What is the price that nocturnal mammals pay for gaining a nuclear microlens
system? Why are inverted nuclei disadvantageous?

. What are other tethers of peripheral heterochromatin?
. What are other components of the lamin A/C-depended tether?
. What are the molecular players that mediate attractions among

heterochromatic regions?
. Is increased density of heterochromatin critical for its silencing function?

. What is the functional relevance of segregating euchromatin from
heterochromatin and placing heterochromatin at the nuclear periphery?
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Highlights

The segregation of the eukaryotic genome into active euchromatic and silent
heterochromatic nuclear compartments is crucial for the realization of nuclear
processes. In most cells euchromatin occupies the nuclear interior, while
heterochromatin is found at the nuclear and nucleolar peripheries

Nuclei of rod photoreceptor cells of nocturnal mammals represent the only
known unique exception and have an inverted arrangement of the nuclear
compartments with heterochromatin concentrated in the nuclear center and
acting as a microlens focusing light and thus facilitating light propagation
with reduced photon scattering

Inverted rod nuclei, with their perfectly segregated and concentrically
arranged compartments, serve as a model to understand general principles of
genome organization such as heterochromatin tethering at the nuclear
periphery, compartment recognition, and mechanisms of genome segregation
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Figure 1. Comparison of conventional and inverted nuclear organization as seen by microscopy
(A,B) and Hi-C (C).

Microscopy reveals a striking difference in the nuclear organization of conventional nuclei,
e.g., nuclei of non-photoreceptor retinal neurons (A), and inverted nuclei of rod
photoreceptors (B) from mouse retina. In conventional nuclei, both types of
heterochromatin, HC and cHC, underlie the nuclear envelope and surround the nucleolus (1),
whereas EC occupies the nuclear interior. In inverted nuclei, HC and EC exchange their
locations: HC is densely packed in the nuclear interior and EC is relocated to the very
nuclear periphery. Correspondingly, if genic EC loci (green), easily establish contacts in the
nuclear interior of conventional nuclei, contacts between EC loci in inverted nuclei are
hampered by the practically two-dimensional organization of the thin layer of peripheral
chromatin. In difference to microscopy, bulk Hi-C analysis does not sense the dramatic
difference between the two spatial chromatin organizations and in both cases reveals
qualitatively similar features, such as chromosome territories, compartments and TADs (C).
Shown are Hi-C maps of chromosome 1 in conventional (left) and inverted (right) nuclei.
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Figure 2. Rod nuclear inversion facilitates nocturnal vision but is disadvantageous for nuclear
functions.

(A) Schematic drawings of an outer nuclear layer (ONL) of nocturnal retina showing
columns of rod cell perikarya and rod outer segments (OS), in which photoreception occurs.
Rod columns facilitate light propagation by reducing light scattering in the ONL. The path
of light propagation through the ONL is indicated by an orange arrow. (B) Structure of ONL
and rod nuclei in nocturnal and diurnal mammals, exemplified by possum and marmoset
retinas, respectively. Note the difference between nuclei of nocturnal rods with densely
packed single heterochromatic globules and diurnal rods with multiple granules of
heterochromatin distributed throughout the nucleoplasm. DAP/ staining. Scale bars, 5 um.
(C) Phylogenetic tree of mammals with representative taxa showing the structure of rod
nuclei. In mammals, nocturnal species (white on blue fields) have inverted nuclei, whereas
diurnal species (b/ack on yellow fields) have conventional nuclei. Nuclear inversion occurred
before the splitting of Placentalia and Marsupialia but after the separation of therian
mammals from Monotremata, because only therian species have rods with inverted nuclei.
Since mammalian ancestors were nocturnal animals, acquisition of a diurnal lifestyle by
several taxa occurred independently. Acquisition of diurnality is accompanied by restoration
of either LBR- or LAC-dependent tether expression in rod cells and, consequently, by
reorganization of inverted nuclei to conventional ones, suggesting that the inverted
chromatin arrangement is strongly disadvantageous.

Trends Cell Biol. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Feodorova et al.

(A1)

(A2)

(A3)

Page 22

LAC LBR LAC LBR

(&)

- 1O0

Keratinocyte | (B1)

Olo)Hl Kie

(2]
-]
3
<

i=[ele

&)

Keratinocyte | (B3)

Lymphocyte (B2) a @O @ 6 LBR-TER
Conv
LBR-null O@ a

o
=]
3
<

O@ @ . LamC-TER
Inv

Lymphocyte

i@
SV @

®00

D::®

LAC-null @ O (\’ Keratinocyte (1
5 @ © ‘ Dermal papilla
fibroblast

(2]
o
3
<

5
<

Trends in Cell Biology

Figure 3. Two major tethers of peripheral heterochromatin.
(A1) LBR and lamin A/C (LAC) are ubiquitously expressed proteins of the nuclear lamina.

WT cells either express both proteins or at least one of them and thus have conventional
nuclei. (A2) In LBR-null mice, nuclei of those cells that do not normally express LAC,
become inverted, e.g., lymphocytes. (A3) In LAC-null mice, nuclei of cells that do not
express LBR in WT, become either inverted (e.g, fibroblasts of the dermal papilla) or remain
conventional as a result of abnormally upregulated LBR expression (e.g., keratinocytes).
(B1) Rods are the only cell type naturally lacking both proteins. (B2) Transgenic expression
of LBR in mouse rods effectively counteracts nuclear inversion and restores the conventional
architecture in these cells. (B3) Transgenic expression of lamin C is not sufficient for
restoration of the conventional architecture, suggesting that LAC needs partners for
heterochromatin binding, which are not expressed in mouse rods. (C) Schematics of the two
major types of peripheral heterochromatin tethers. LBR-dependent tether (C1) binds B-
lamins and peripheral heterochromatin. LAC-dependant tether (C2) includes transmembrane
proteins (marked with “?”) binding both LAC and heterochromatin. conv, conventional
nuclei; /inv, inverted nuclei; LBR-TER, transgenic rods expressing ectopic LBR; LamC-
TER, transgenic rods expressing ectopic lamin C; nuclei of exemplified cells on (A) and (B)
are shown as inverted greyscale images of DAPI staining; ONM, outer nuclear membrane;
INM, inner nuclear membrane.
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Figure 4. Probing rod nuclei with xenospecific sequences.
The mouse rod nucleus is built by three concentric layers of chromatin: EC enriched in

SINEs (white), HC enriched in LINES/LTRs (ight grey) and cHC consisting of satellites
(aark grey). This regular nuclear structure allows to microscopically track the positions of
small xenospecific human (/eft schematics) and endogenous mouse (right schematics)
chromosomal segments. In rods, the segments enriched in either SINEs or LINES/LTRs,
faithfully localize to the corresponding chromatin layer, marked by the same repeats. Human
and mouse centromeres, both consisting of satellite sequences, also coalesce with each other.
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Figure 5. Polymer models aid in understanding the interactions that drive nuclear organization.
Models of chromosomes are built with confined polymers of three monomer types: A, B and

C, representing EC, HC and cHC, respectively. A pair of monomers attract each other with
different strengths depending on the monomer types involved (far left). Different relative
strengths of the attractions result in a wide array of possible chromatin organizations (mid-
left). Only certain relative strengths of attraction between monomers result in an inverted
arrangement (mid-right). The same simulation parameters, but complemented with attraction
of HC and cHC to the nuclear lamina, successfully recapitulate the conventional
arrangement (far right).
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