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Spandrels of the cell nucleus
Irina Solovei' and Leonid Mirny?

S.J. Gould and R. Lewontin in their famous “Spandrels paper”
(1979) argued that many anatomical elements arise in evolu-
tion not due to their “current utility” but rather due to other
“reasons for origin”, such as other developmental processes,
physical constraints and mechanical forces. Here, in the same
spirit, we argue that a variety of molecular processes, physical
constraints, and mechanical forces, alone or together,
generate structures that are detectable in the cell nucleus, yet
these structures themselves may not carry any specific func-
tion, being a mere reflection of processes that produced them.
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Introduction

In 1979, the two famous evolutionists from Harvard
University, Stephen Jay Gould and Richard Lewontin,
raised the issue of the correct identification of factors
causing evolutionary changes, essentially supporting the
Darwinian pluralistic approach [1]. The authors
appealed to distinguish between reasons for adaptive
feature origin and possible accompanying feature that is
merely a byproduct. The authors called this phenome-
non “spandrels in evolution” referring to an architectural
element found in cathedrals, bridges, or arches, which
simply closes space between an arch curve and the
ceiling but for a long time has been considered as a
specially designed architectural decor (Figure 1) [2].
Spandrels are used for ornamental effect and mosaics,
yet “the architectural constraint is clearly primary”,
argued Gould and Lewontin. Similarly, many
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phenomena and structures in biology arise due to
numerous constraints, historical and mechanistic, they
experience (Table 1).

One of the many biological examples the authors quote
is the development of male genitalia in spotted hyena
females, a phenomenon attributed earlier to its signal
function important for mating. Recently, however, it has
been shown that the development of such penis-like
structure in females is a byproduct of an increased
androgen level leading to elevated female aggressive-
ness, which is necessary for highly competitive hyena
social life [3].

Like in other fields of biology, there is a tendency to
decompose nuclear organization into elements and fea-
tures recognizable in the global and attribute to them
specific functions. Yet, nuclear organization is driven by
organizing processes — such as transcription, replication,
loop extrusion, compartmentalization, and lamina
anchoring — and are highly constrained, e.g. due to the
polymeric nature of chromosomes, nuclear space, and
shape. Here we discuss several of such very well known
or recently emerged cell nuclear features, that we
believe result from processes and reflect them, yet lack
any functional meaning themselves and call them
“spandrels of the nucleus”.

Global features of nuclear architecture
Chromosome territories

Chromosomal territoriality is a well-known paradigm in
nuclear biology [4] and is listed as an important hierar-
chical level of genome folding in practically every review
in the field, e.g. Refs. [5,6]. The paradigm in its modern
shape emerged in the 1980s, contradicting the passive
view from electron microscopy, which depicted chro-
mosomes as dispersed and intermingled throughout the
entire nucleus, similar to spaghetti in a bowl of broth
(Figure 2a). Once observed, chromosome territoriality
posed a question about its functional role.

Following mitosis, chromosomes decondense into
seamless nuclear chromatin without distinguishable in-
dividual chromosomes. Only visualization of chromo-
somes with low-complexity paint probes reveals their
positioning in the nucleus, providing a somewhat
misleading territorial appearance [7]. Furthermore, in
plants, yeast, and arguably in some mammalian cell
types [8], chromosomes have so-called Rabl organization
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Figure 1

Spandrels
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Spandrels are triangular-shaped elements connecting the base of the
dome to the support pillars (photo by Leonid Mirny).

with centromeres assembled in one nuclear location,
telomeres on the opposite side, and chromosomal arms
of different chromosomes stretched and spread between
these sites in close contact with each other, and thus
having no territorial organization [9]. Moreover, a degree
of territoriality can vary significantly between cell types,
most probably reflecting a duration of post-mitotic cell
life and global nuclear rearrangements during cell dif-
ferentiation, as has been demonstrated for mouse rod
photoreceptors, olfactory and other neurons [10—12].

Another example is provided by species with Robertso-
nian translocations spontaneously occurring in animals
with acrocentric chromosomes [13,14]. Chromosomes in
these species fuse pairwise by their centromeric regions

Table 1

leading to the formation of new meta- or submetacentric
chromosomes and new chromosome territories in
interphase (Figure 2b). Although inter-chromatin in-
teractions within new chromosomes have changed, the
nuclear functions remain without any noticeable aber-
rations. Thus, Robertsonian mice remain viable and
form huge populations [15]. Similarly, balanced trans-
locations, not disrupting genes or regulatory elements
but nonetheless changing chromosomal landscape, also
do not perturb nuclear functions [16].

Although chromosomal territoriality is intuitively
considered as a hindrance for translocations in somatic
cells (e.g. Ref. [17]), the estimated degree of inter-
mingling between chromosomes does not confirm this
view. Thus, it was shown that gene-dense chromosomes
intermingle with each other significantly stronger than
gene-poor chromosomes, but they break and translocate
less frequently [18].

Some close species have strongly reorganized karyo-
types. For instance, the Chinese muntjac has 46 small
acrocentric chromosomes, whereas the Indian muntjac
— only 6 but noticeably larger chromosomes, evolved
from multiple fusion events in the common muntjac-
like ancestor [19]. Another striking example are
gibbon species: although gibbons are close relatives of
humans and great apes, their karyotypes are strongly
rearranged with more than 70 translocations [20]. In
both of these cases, we deal with very different chro-
mosome territories in close species obviously not influ-
encing their cellular or organismal physiology.

Finally, physical disruption of chromosomes without
chromatin damage does not lead to any noticeable
functional consequences. We have recently demon-
strated that highly expressed genes form transcription
loops, which in the case of long genes become stiff and

List of discussed in the paper spandrels and their origin.

Cathedral/arches/bridges:

Byproduct of:

Spandrels as architectural element used for ornamental effect

closing the space between an arch curve and the ceiling

cell nucleus:

byproduct/result of:

Chromosome territories

the last mitosis, low global mobility of the interphase chromatin, and

topological constraints further slowing down the mobility

Shape and positioning of interphase chromosomes

abundance and distribution of genes and LADs, geometrical constraints of a

nucleus determined by a cell shape

Chromocenters

Patterns of compartmental interactions
CTCF-CTCF dots

TADs

Fountains/jets

Transcription loops

Condensates of RNAP or transcription factors

coalescence of satellite repetitive sequences during interphase

chromatin constraints and affinities between homotypic chromatin regions
loop extrusion activity, when occluded by CTCFs

loop extrusion activity, when occluded by CTCFs

loop extrusion activity, and increased loading of extruders at specific loci
intensive transcription and long transcripts

their affinity to accessible DNA, each other, and other cofactors
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Spandrels of the nucleus on a global scale: chromosome territories.

(a), tagliatelle models of nuclear architecture in early G1 (a1) and in mid-interphase (a2). (a3) depicts a contradictory to territoriality view on the chro-
mosome arrangement in the nucleus as intermingling tagliatelle in a bowl.

(b), analysis of fibroblasts isolated from mice with normal karyotype (b1, b2) and with 7 Robertsonian translocations (b3, b4). Chromosome paints for 4
(green) and 6 (red) chromosomes label two pairs of acrocentric chromosomes in metaphase (above) and four interphase chromosomes (below) of mouse
cells with normal karyotype (b1). The same probes label two arms of the derivative Robersonian chromosome 6.4 in metaphase (above) and interphase
(below) cells (b3). Note that the derivative 6.4 chromosome is submetacentric and consists of two arms, formed by chromosomes 6 and 4. The new
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expand from harboring chromosomes. Mouse thyro-
globulin gene locates on chromosome 15 and forms a
huge transcription loop, which in some cells breaks the
chromosome in two halves ultimately forming their own
half-territories without obvious negative consequences
[21] (Figure 2c).

The examples above demonstrate that the non-territo-
rial organization of interphase chromosomes and altered
territoriality due to balanced translocations, karyotype
reshuffling, fusion or fission chromosomes do not alter
interphase chromosome functions. Therefore, we sug-
gest that C'Ts constitute a nuclear spandrel that has no
specific functional role, merely representing a conse-
quence of the last mitosis, emerging due to low mobility
of the interphase chromatin.

Shape and positioning of interphase chromosomes
After the term “Chromosome Territory” was coined,
much attention was paid to their shape and intranuclear
positioning in various cell types and conditions. For
instance, some of the mammalian chromosomes adopt a
discoid flat shape, whereas others have a more spherical
form [22]. Yet, an uneven distribution of both genic
segments [7] and LADs (LLamina Associated Domains)
[23] along chromosomes, is sufficient to explain why the
positioning and shape of different chromosomes differ.
Indeed, gene-poor and LAD-rich chromosomes are
tethered to the nuclear envelope and thus acquire a
flattened shape and remain at the nuclear periphery.
Gene-rich and LAD-poor chromosomes are bound to the
nuclear periphery mostly at the centromeric regions but
otherwise adapt internal position simply because they
lack multiple LADs [24] (Figure 2d), which is especially
clearly visible in voluminous nuclei, such as neurons or
stem cells [7]. Even in lobulated nuclei of human
neutrophils, such radial distribution of chromosomes
within single lobes is evident [25].

Many studies of chromosome distribution within an
interphase nucleus were conducted on cultured cells

(such as fibroblasts, epithelial cells, myoblasts, etc.)
growing on a substrate and thus having a flattened shape
with relatively flat nuclei (e.g. Ref. [26]). In contrast to
the previous paragraph, analyses of chromosome distri-
butions, regardless of their enrichment in genes and
LADs, revealed a more central positioning of the small
versus large chromosomes [27] (Figure 2d). This
seemingly contradictory phenomenon, however, is
caused by two unrelated factors. First, geometric centers
of the large chromosomes in metaphase tend to be more
peripheral than those of the smaller chromosomes [28]
(Figure 2d1). This radial arrangement is inherited by
anaphase and telophase cells, allowing small chromo-
somes to decondense closer to the 2D nuclear center
and large chromosomes — closer to the 2D nuclear pe-
riphery. In addition, the large surface of flat nuclei
eliminates competition of LADs for binding to the nu-
clear lamina [29], allowing chromosomes to decondense
in places where they ended up in telophase (Figure 2d).

Therefore, the shape and nuclear positioning of inter-
phase chromosomes are spandrels, which
are determined by three pivotal functional factors/con-
straints: the abundance and distribution along a chro-
mosome of (i) genes, and (ii) LADs, as well as (iii)
geometrical constraints of a nucleus determined by a
cell shape.

Chromocenters

Nuclei of many mammals possess so-called chromo-
centers (CC) formed by centromeric regions enriched in
blocks of satellite DNA. In mice Mus musculus, such
blocks consist of major satellite repeat constituting up to
10% of the entire mouse genome [30]. After mitosis, the
subcentromeric heterochromatic blocks merge and form
spherical CC, often inaccurately used as a proxy for
heterochromatin. Number of CCs and their distribution
varies between different mouse cell types or even within
the same cell type — from 1 to about 40. Much of the
literature is devoted to the description of quantity and
positioning of CCs during differentiation and

chromosomes are also readily detectable by Hi-C — compare (b2 and b4) maps for all chromosomes.

(c), Tg transcription loop (red) breaks harboring chromosome 15 (green). Note that both homologous chromosomes are split in two parts with clear gap
(arrows) “filled” with Tg transcription loop. For clarity, the gray scale image for chromosomes 15 is shown below the RGB image.

(d), telling example of radial distribution of human gene-rich (chr.19, green color) and gene-poor (chr. 18, red color) chromosomes in lymphocytes (upper
raw) and cultured fibroblasts (low raw). Images on the left are projections through entire nuclei; graphs on the right reflect 3D relative radial distribution of
the chromosome signals within a nucleus; the abscissa denotes the relative radius of 25 nuclear shells (with 0 as a nuclear center), the ordinate shows
normalized relative DNA content (see Refs. [29,30] for details). In voluminous lymphocyte nuclei, gene-rich chromosome 19 sits mostly in the nuclear
central area, whereas gene-poor 18 is adjacent to the periphery. In flat fibroblast nuclei, both small chromosomes 18 and 19 are central.

(e), schematics explaining seemingly contradictory chromosome distribution in spherical and flat nuclei shown in (d) (modified from Ref. [30]). (e1) depicts
a polar view on metaphase chromosomes attached to a spindle; the centres of large chromosomes (red) are more peripheral than centres of small
chromosomes (green). (d2 and d3) show inheritance of chromosome positioning from metaphase to interphase in cells with spherical (d2) and flat (d3)
nuclei, respectively. When a spherical nucleus is built during late telophase and early G1, LAD-rich regions compete for the nuclear lamina and bring
gene-poor/LAD-rich chromosomes (red) in the vicinity of the nuclear periphery. Gene-rich/LAD-poor chromosomes (green) are also attached to the
heterochromatin rim at the nuclear or nucleolar periphery but only through several regions and thus adapt a more internal position. In flat nuclei, both
gene-poor/LAD-rich and gene-rich/LAD-poor chromosomes do not compete for the lamina, which allows them to inherit their size-dependent distribution
established in the metaphase. Small schematics above middle arrows symbolize transition from anaphase to telophase: in (e2), arrows show bidirectional
chromatin expansion of anaphase ultimately leading to a spherical nucleus; in (e3), arrow shows direction of the anaphase declining to the substrate
where a flattened daughter nucleus is formed.
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development, in attempts to find a functional meaning
of these characteristics (e.g. [31]).

Merging of CC was first attributed to their enrichment
in HP1-class proteins and affinities of chromatin with
heterochromatin histone marks, but more recent studies
show HP1-independent and H3K9me-independent
self-association of pericentromeric regions [32—34].
The most telling example of this process is coalescence
of 10—14 smaller peripheral CCs in postmitotic pro-
genitors of rod photoreceptors into a single CC in
mature rods [35]. Another example are mouse cardio-
myocytes: in a proportion of their nuclei — likely due to
permanent cell contractions — CCs merge in irregular
spiral structure traversing the whole nucleus along its
long axis (Figure 3al).

As the case with chromosome positioning, number and
distribution of CCs is geometrically constrained by nu-
clear shape and volume. For instance, in many flat
cultured cells, such as fibroblasts or myoblasts, nuclei
are also flat and possess numerous CCs (15—20)
distributed almost evenly in the 2D nuclear plain. In
voluminous large nuclei, such as large neurons or Sertoli
cells, most of the subcentromeric regions merge in
several huge CCs at the nucleolus. In strongly elongated
spindle-shaped nuclei, such as in smooth muscles, CCs
are distributed along the long nuclear axis (Figure 3al).

CGCs are considered as a silencing compartment, and
degree of gene activity has been assessed by proximity of
a gene to a CC (e.g. Refs. [36,37]). Indeed, CCs are
always confined to the either nuclear, or nucleolar pe-
ripheries and thus, not surprisingly, possess a plethora of
typical heterochromatic PTMs and heterochromatin-
associated proteins [38]. Nonetheless, some mouse
genes are preferentially silenced at the nuclear periphery,
whereas others — by closeness to CCs, e.g. Taar and O/fs
gene families, respectively, in olfactory sensory neurons
[39]. The reason for such differentiation is not clear and
tentatively can be attributed to differential folding and
intranuclear positioning of harboring chromosomes.

Underlying sequence of CCs in different species, as a
rule, differs, and can be either AT-, or GC-rich,
depending on species-specific satellite repeats, howev-
er, in all cases CCs remain as prominent nuclear struc-
tures. Even in close species CCs can be formed by
different repeats, e.g. in M. musculus they are built by
tandems of major satellite repeat, whereas in Mus spretus
— by tandems of minor satellite repeat [40]. Moreover, a
vast number of species lack large blocks of satellite DNA
in centromeric regions, ¢.g. human, hamster, rats, etc.
(Figure 3a2). Absence of CCs, however, does not pre-
vent positional gene silencing in these species.

What is more, ectopic manipulations of the mouse sat-
ellite repeat, leading to a reinforced binding of this

Nuclear spandrels Solovei and Mirny 5

sequence to the nuclear envelope (Figure 3b1), results
in the destruction of spherical CCs and formation of a
thin continuous layer of major satellite repeat tightly
adjacent to the nuclear lamina (Figure 3b2). Nonethe-
less, these cells are fully viable, undergo cycling, and are
capable of terminal differentiation (Figure 3b3).

Therefore, CCs as such, are the typical nuclear span-
drels, a phenomenon without a specific functional
meaning but being a byproduct of the coalescence of
satellite repetitive sequences during building a func-
tional nucleus.

Patterns of compartmental interactions

One of the most visible patterns of interactions on Hi-C
maps within and between chromosomes is the “check-
erboard” that reflects chromatin compartmentalization,
i.e. spatial segregation of transcriptionally active
euchromatin (A) and inactive heterochromatin (B) [41].
The checkerboard pattern is the enrichment of AA and
BB contacts, and the depletion of AB contacts. Recently
we demonstrated that in mouse cells such spatial
segregation is driven by the affinity of B regions to each
other, with AA affinity being either entirely dispensable
or weak [10]. Simulations with only BB affinities
reproduce not only BB enrichment but also AA contact
enrichments, which emerge because A regions are being
displaced from parts of the nucleus occupied by B. Pe-
ripheral location of B regions is also driven by their
anchoring at the nuclear lamina. These results suggest
that in mouse and likely other mammalian nuclei, the
pattern of interactions between large A regions is a
byproduct emerging from excluded volume constraints
and BB affinities. Nuclear organization in other species,
however, can be driven by different mechanisms. For
example, analysis of chromosome organization in the
silkworm suggested that compartmentalization arises
due to a complex interplay of AA affinities (stronger
than BB) and non-uniform distribution of loop ex-
truders [42].

Another Hi-C pattern, referred to as micro-
compartments, constitutes patches of elevated contact
frequency between short (~10—50 Kkb) regions,
becoming visible in Micro-C [43,44], deep sequenced
Hi-C [45], but most pronounced in Region Capture
Micro-C [73,74]. Most prominent among them are
contacts between short H3K27ac stretches. This con-
tact enrichment is also seen in average pile-ups across
thousands of H3K27ac regions [46].

However, the need for averaging over thousands of re-
gions or exceedingly deep sequencing to them, indicates
that individual contacts between such regions are rare,
and affinities are weak. Measurement of contact fre-
quency for pairs of such loci using DNA FISH showed
exceedingly rare, if observable at all, pairwise contacts
[46]. While it is feasible that such low-affinity
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Figure 3
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interactions can help to stabilize transient enhancer-
promoter interactions separated by less than a mega-
base, the vast majority of patches are located at larger
separation and between chromosomes. They can be too
infrequent to associate with any cellular process
requiring reliable outcomes.

Together these considerations suggest that while
compartmentalization plays many roles, from providing
optimal conditions for gene expression to supporting
epigenetic memory, only part of the contact patterns
that we see are causal and/or functional. Patches of AA
compartmental and the vast majority of micro-
compartmental interactions can arise as byproducts of
constraints and affinities, and thus represent chromatin
spandrels. Understanding the functional roles of
compartmentalization as a phenomenon, rather than
patterns it creates, is an important next goal.

Local elements of chromatin folding

Cohesin plays a central role in shaping local (<1—3 Mb)
chromosome organization due to its function as a loop-
extruding motor. Polymer models demonstrated that
extrusion, when occluded by boundaries, can reproduce
Hi-C patterns of interphase chromosomes such as TAD,
CTCF—-CTCF dots, and stripes [47]. Facilitated
loading of loop extruders at specific sites, particularly
enhancers, likely underlies the formation of a recently
discovered Hi-C pattern of “jets” [48,49], or “foun-
tains” [50,51]. Are these patterns on Hi-C maps func-
tional or constitute loop extrusion spandrels merely
reflecting the extrusion process that itself has multi-
ple roles?

CTCF—-CTCF dots are local enrichments of contact
frequency on Hi-C or Micro-C maps [43,44,52,53] that
represent loops formed between two CTCF sites,
typically oriented towards each other [54]. Once
discovered [53], they generated lots of excitement in
the hope that they represent long-sought enhancer-
promoter interactions. Yet, bioinformatic analysis

Nuclear spandrels Solovei and Mirny 7

showed a lack of enrichment for enhancers near CTCFs
[53,55]. Simulations calibrated on Hi-C data predict
that such CTCF—CTCEF loops emerge naturally when
CTCF stops cohesin yet being very transient: present
for 25% and 7% of the time for a pair of C'TCFs sepa-
rated by 180 kb and 360 kb correspondingly [47]
(Figure 4a). Recent experiments measured such
CTCF—-CTCF contact frequency in living cells,
yielding the frequency of ~30% and 6% for C'TCFs
separated by 150 kb [56] and 505 kb [57] correspond-
ingly. Live-cell imaging also measured, for the first time,
the duration of such interactions yielding ~ 20 min, for
Fbn2 locus. The frequency and the duration together
suggest that two CTCF boundaries of the Fon2 locus are
forming a contact about once during the 24 h cell cycle.
Such rare and transient CTCF—CTCF loops are un-
likely to represent a functional enhancer-promoter
interaction, as a typical response time of enhancer-
mediated gene activation is ~ 10 min [58].

Together, this rareness and the lack of enrichment of
enhancers at CT'CFs, suggests that CTCF—CTCF dots
represent structural elements emerging due to the loop
extrusion activity, but have no specific function by
themselves and thus represent spandrels.

TADs were first discovered as regions with increased
frequency of contacts within each region, and decreased
contact frequency with its neighbors [59,60]. Simula-
tions showed that TADs emerge as a result of loop
extrusion occluded by extrusion barriers such as CTCFs,
as was recently observed in single-molecule experiments
[61]. After functional studies demonstrated that TADs
demarcate regions of enhancer activity [62,63], TADs
were hailed as insulated or regulatory neighborhoods
[64]. Yet available data put such a designation in ques-
tion. First, Hi-C shows a rather modest (~2 fold) in-
crease of contact frequency within TADs as compared to
between TADs [65,66] (Figure 4b). Such weak insu-
lation of contacts is unlikely to provide a reliable insu-
lation of enhancer-promoter interactions. Second,

Spandrels of the nucleus on a global scale: chromocenters (CCs).

(a), nuclear of various mouse cell types exhibiting different arrangement of CCs after DAPI staining (a1). Note that the number of CCs varies from one
(rods) or two (Sertoli cells) to many in other cell types. Nuclei without CCs are exemplified by HeLa cells and neurons of two rodent species (a2). Images
are full or partial confocal stack projections; for clarity, DAPI images are inverted; red dash lines mark positioning of nucleoli. Scale bar, 5 um and valid for
all panels.

(b), ectopic manipulations of the mouse MSR leads to reinforced massive binding of this sequence to the nuclear envelope but does not change cell
cycling or differentiation.

(b1), in cells stably expressing msrTALE conjugated with GFP, the construct targets MSR, the major component of the mouse CCs. After transient
transfection of cells with chimeric protein lamina B1 conjugated with GFP-binder, spherical chromocenters lose their shape and become flattened as a
result of tight tethering to the nuclear lamina.

(b2), FISH with probe for MSR in untransfected (above) and transfected (below) mMESCs. Images on the left are single optical sections; images on the right
are maximum intensity projections. Arrowheads point at spherical CCs; arrows — at flattened CCs. FISH signal is yellow; nuclei counterstained with DAPI
(red); scale bar, 5 um.

(b3), differentiation of transfected myoblasts into myotubes. The upper panel images show two cultured myoblasts; one exhibits a clear rim of GFP
staining resulting from CC flattening after transfection (arrow); the other one has conventional CCs (arrowhead). The low panel images show nuclei of the
same myotube — one with conventional CCs (arrowhead) and one transfected with flattened CCs (arrows). Images are single optical sections; scale bars,
5 um.
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Figure 4
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Spandrels of the nucleus on a local scale: chromatin folding.

(a), An illustration of a transient CTCF—CTCF loop that is fully formed only ~5% of the time and partially extruded 90%, making CTCF—CTCF pair an

unlikely candidate for reliable enhancer-promoter interactions.

(b), TADs are weakly insulated with only 2—3 fold increase of intra-TAD vs inter-TAD interactions. This makes a TAD rather unreliable for restricting

enhancer-promoter interactions.

microscopy demonstrated that TADs don’t correspond
to “insulated” crumples of chromatin, but rather have
numerous contacts with their neighbors. While median
distances between loci within a TAD are smaller than
those between TADs, distance distributions remain
wide [67]. Finally, the notion of TADs as regulatory
neighborhoods has been challenged by a recent study
[68]that examined a phenomenon that they termed
“border bypass”, i.e. functionally important activation of
a gene by an enhancer located outside of a TAD. This
study demonstrated that loop extrusion can facilitate
such cross-border (and cross-C'TCF) interactions, yet
Hi-C and microscopy consistently see insulated TADs.
Given that TADs are poorly isolated regions with
modest enrichment of contacts and highly variable
structures, how can a TAD reliably insulate
enhancer activity?

One possibility is that Hi-C and microscopy provide a
rather incomplete picture due to their inability to
distinguish functional interaction at the molecular scale
(e.g. nucleosome-size ~10 nm) from a mere proximity
(~100—350 nm). Another possibility is that enhancer-
promoter interactions are not so much restricted by
TADs, but rather facilitated by the perpetual process of
loop extrusion, with barriers targeting enhancer-
promoter interactions within a TAD, whereas other
chromatin contacts are not influenced. Complex
extrusion-mediated communications can be potentially
revealed by deeper and more focused Micro-C ap-
proaches [69,70]. Lastly, it’s possible that the modest

difference in contact frequency within versus between
TADs are translated by transcription machinery into a
much higher difference in expression. Two elegant
models of multi-state promoter activation that can
achieve such non-linear “reading” of contacts have been
recently put forward [65,66]. Together, these arguments
suggest that the way transcriptional machinery is seeing
transient extrusion-mediated contacts is very different
from the way we see them in Hi-C and microscopy;,
rendering TADs as spandrels.

Fountains/jets are recently discovered patterns on Hi-C
maps, observed in mouse quiescent thymocytes [48], in
early zebrafish development and mouse ESCs [50], in C.
elegans [49,51], and in specific knock-outs [71]. Foun-
tains are formed at active enhancers [50,51], and were
proposed to represent cohesin loading sites. Yet, the
functional role of such facilitated load of cohesin at
enhancers remains mysterious. Importantly, observed
shapes of fountains indicate two-sided extrusion by
loaded cohesins, increasing contact frequency between
regions flanking the loading site, but not of the enhancer
where the loading initiates. One possibility is that such
loading plays no particular functional role, but merely
reflects higher chromatin accessibility of enhancers,
hence cohesin is more likely to load there. Another
possibility is that a small fraction of cohesins starts one-
sided extrusion, generating contacts of the loading
enhancer with nearby genes, while the vast majority of
cohesins forming the fountain patterns are of no im-
mediate functional role. Whichever scenario is more
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feasible, the fountain itself is a mere reflection of the
loading  process,  manifesting  another  chro-
matin spandrel.

TADs, CTCF—CTCF dots, and fountains can be mere
reflections of the extrusion process, initiated at specific
locations, and occluded by extrusion barriers. While
these features may have no functional roles themselves,
loop extrusion by SMCs, with their complex rule of in-
teractions between themselves [72] and other chro-
matin processes [73], can play multiple functional roles
in gene regulation [74,75], generation of isoform di-
versity [76] and somatic recombination [77].

Transcription loops

A recent microscopy study has revealed the formation of
micrometer-sized loops by long and highly transcribed
genes [21]. Spanning across the nuclear interior, such
structures emerge as a result of the transcription, but
may not have any adaptive or regulatory role. Indeed,
the body of a long and highly expressed gene is covered
by dense convoys of RNA polymerases, each carrying a
large nascent ribonucleoprotein (RNP) particle,
consisting of nascent RNA and a multitude of RNA-
processing proteins. Simulations showed that the
steric repulsion between such nascent RNPs can make
the body of the gene incredibly stiff, similar to the
phenomenon known in the polymer physics of bottle-
brushes [78]. Such stiffness, in turn, forces the gene to
expand from its locus and stretch across the nucleus. No
adaptive argument is needed to explain the formation of
such loops, because they emerge naturally due to poly-
mer and steric phenomena, and likely constitute a
transcriptional spandrel.

Condensates and other nuclear phenomena

Other nuclear phenomena can potentially be also cate-
gorized as spandrels. While nuclear condensates were
hailed as the primary mechanism underlying transcrip-
tion, enhancer activity, and splicing, their presence in
physiological conditions and functional roles remain
contested. Some may constitute functional structures,
while others can be mere aggregates of inactive proteins.
For example, the majority of nuclear speckles may
constitute storage sites of the splicing machinery, with
only a few being engaged with and formed at the sites of
transcription [79]. RNAP condensates were implicated
in enhancer-mediated gene activation (e.g. Ref. [80]),
yet large RNAP condensates are rare (very few per cell
[80]), with most RNAPs present in clusters of 1—3 ac-
cording to a recent quantification [81], suggesting that
very small RNAP condensates can be at the disposal for
most (~5,000—10,000) transcribed genes. Similarly,
condensates of transcription factors were suggested to
be formed through affinities of their activation domains,
implicating such condensates in transcription activation.
Yet the formation of such condensates has no activating
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(and possibly inhibitory) effect on transcription [82].
Binding of RNAP and transcription factors to accessible
DNA likely underlie the appearance of large conden-
sates, and multivalent binding of their factors activation
domains involved in recruitment of coactivators, inde-
pendent of condensate formation [82,83]. Together,
these evidences nominate nuclear speckles, RNAP and
transcription factor condensates as spandrels of the
cell nucleus.

Outlook

Examples we provide here demonstrate that many
named patterns and features seen in the data can be
spandrels of the cell nucleus (Table 1). They emerge as
a result of specific processes or mechanisms, being as
compartmentalization, loop extrusion, transcription, or
their interplay, but as such may have no adaptive or
regulatory function. Nonetheless, features seen in Hi-C
or microscopy data are valuable in allowing to infer un-
derlying processes, akin to the way fluctuations in the
light from distant stars help detect and characterize
properties and dynamics of exoplanets not
visible individually.

An intriguing question is when and how a trait origi-
nating as a byproduct is harnessed by the evolution for a
different function or mechanisms later on — in other
words, when a spandrel is exempted from spandrels. For
instance, when CCs emerged as an evident feature of
the nucleus, have they later become special silencing
compartments in some cell types or used to achieve
desired optical properties in other cell types?

We have earlier speculated that the accumulation of
repetitive sequences in mammalian genomes was
driven by selective pressure to convert nuclei of
nocturnal rod photoreceptors into microlenses,
improving their night vision by reducing light scat-
tering [11]. In other cell types, however, the abundant
repeats in heterochromatin started to contribute to
transcriptional silencing, thus converting a “spandrel”
into a useful silencing compartment.

Similarly, loop extrusion, now seen across kingdoms from
bacteria to multicellular eukaryotes, may have emerged
as a way of resolving sister chromatids in bacteria. Later
it could have gotten exapted to compact longer chro-
mosomes, while generating spandrels of interactions
between promoters, as seen in Dictyostelium, that later
was harnessed to moderate promoter—enhancer inter-
action, VD] recombination, DSB repair, and has poten-
tially other functions.

Overall, patterns and features can be valuable to detect
and characterize mechanisms of nuclear organization,
yet naming patterns with descriptive names (e.g. do-
mains) runs the risk of creating an illusion that
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properties associated with the name (e.g. domains are
isolated from each other) are associated with the object
itself. Moreover many patterns seen in microscopy or
Hi-C reflect mere tendencies (e.g. tendency of tran-
scription factors to aggregate) rather than stable struc-
tures, and may or may not have any functional
implications. These are some of the reasons why it is
important to identify spandrels. Next time, being
tempted to assign a function to a pattern, a researcher
can raise her eyes and look at the ceiling of a cathedral.
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