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Three-dimensional (3D) genome organization has emerged as an important layer of gene
regulation in development and disease. The functional properties of chromatin folding
within individual chromosomes (i.e., intra-chromosomal or in c¢is) have been studied
extensively. On the other hand, interactions across different chromosomes (i.e., inter-
chromosomal or in trans) have received less attention, being often regarded as background
noise or technical artifacts. This viewpoint has been challenged by emerging evidence of
functional relationships between specific trans chromatin interactions and epigenetic
control, transcription, and splicing. Therefore, it is an intriguing possibility that the key
processes involved in the biogenesis of RNAs may both shape and be in turn influenced
by inter-chromosomal genome architecture. Here | present the rationale behind this
hypothesis, and discuss a potential experimental framework aimed at its formal testing.
| present a specific example in the cardiac myocyte, a well-studied post-mitotic cell whose
development and response to stress are associated with marked rearrangements of
chromatin topology both in cis and in trans. | argue that RNA polymerase Il clusters (i.e.,
transcription factories) and foci of the cardiac-specific splicing regulator RBM20 (i.e.,
splicing factories) exemplify the existence of trans-interacting chromatin domains (TIDs)
with important roles in cellular homeostasis. Overall, | propose that inter-molecular 3D
proximity between co-regulated nucleic acids may be a pervasive functional mechanism
in bioclogy.

Keywords: transcription, splicing, chromatin, genome organization, cardiomyocyte

INTRODUCTION

RNA biogenesis is a complex, multi-step process that largely takes place in the nucleus. Following
transcription by RNA polymerases, most RNA species undergo extensive chemical modifications
that are vital to their function. In eukaryotes, primary transcripts of messenger RNAs (pre-mRNAs)
are 5'-capped, spliced, and finally 3'-polyadenylated and cleaved, altogether generating mature
mRNAs. It is well established that these central steps of mRNA biogenesis occur in close
proximity and at the same time and place as transcription (i.e., “co-transcriptionally”; reviewed
in Perales and Bentley, 2009). Over a hundred additional RNA modifications are known
(Boccaletto et al, 2018). At least some of these can be found on eukaryotic mRNAs, most
notably for its abundance N°-methyladenosine (m°A), but also N'-methyladenosine (m'A),
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5-methylcytosine (m°C), and pseudouridine (reviewed in Zhao
et al., 2017). Emerging evidence suggests that many of these
so-called “post-transcriptional” mRNA modifications actually
take place largely co-transcriptionally. For instance, the dynamic
writing and erasing of m°A is essentially complete before
mRNAs are released from chromatin (Bartosovic et al., 2017;
Ke et al, 2017a). This may be explained by recruitment of
m°A “writers” by DNA polymerase II (Slobodin et al., 2017),
epigenetic histone marks of transcriptional elongation (Huang
et al, 2019), and/or specific transcription factors (Barbieri
et al., 2017; Bertero et al.,, 2018). In turn, m°A deposition can
affect alternative splicing and polyadenylation (Dominissini
et al.,, 2012; Ke et al., 2015; Yue et al., 2018). Overall, mRNA
biogenesis pathways are closely intertwined both spatially and
functionally, and largely take place at the site of transcription.

The complexity of nuclear regulations of gene expression
is staggering. Taking Homo sapiens as an example, there are
at least 1,600 proteins likely functioning as transcription factors
(Lambert et al., 2018), and over 250 splicing regulators (Jurica
and Moore, 2003; Barbosa-Morais et al., 2006). Each of these
molecules can affect the expression of tens to hundreds of
genes with remarkable specificity despite having to locate their
targets in a huge genomic and transcriptomic sampling space
(~6.4 billion DNA nucleotides, up to 10% of which may
be transcribed at a given time; Pertea, 2012), all the while
being expressed at relatively modest copy numbers (estimated
to be as low as a few thousand per cell in the case of transcription
factors; Biggin, 2011). How this is all achieved in a time- and
energy-effective manner remains a key open question.

An emerging topic in cell biology is that certain
biochemical reactions are spatially organized in membraneless
subcompartments formed by biomolecular condensates (reviewed
in Banani et al.,, 2017). One of the first described and perhaps
the best example of such structures is the nucleolus, the
main site of ribosomal RNA (rRNA) biogenesis where most
rDNA genes colocalize with highly concentrated factors
implicated in rRNA transcription and processing (reviewed
in Pederson, 2011). Many other conceptually similar nuclear
structures have been described, including Cajal bodies,
promyelocytic leukemia (PML) bodies, nuclear speckles, and
histone locus bodies, some of which are still very poorly
understood (reviewed in Mao et al.,, 2011).

With regards to mRNA biogenesis, over 20years ago Peter
Cook and Ana Pombo proposed that transcription may be largely
spatially restricted to “transcription factories” (Cook, 1995;
Pombo et al, 2000). These correspond to concentrated foci
of RNA polymerase II (Pol II) and various other transcriptional
regulators that collectively support highly productive
transcriptional initiation and elongation. It was readily recognized
that transcription factories may have a strong effect on genome
organization, driving the assembly of intra- and inter-
chromosomal clusters involving active loci (Sexton et al., 2007;
Cook, 2010). Here, I broaden this hypothesis arguing that not
just transcription but also splicing and possibly other layers
of RNA biogenesis may collectively shape chromatin architecture.
Specifically, I propose the existence of RNA factories-nucleated
“trans-interacting chromatin domains” (TIDs) involving loci

on different chromosomes whose nucleic acids are co-regulated
by the same set of protein factors. I further propose that the
resulting architecture is not just practical (i.e., it facilitates and
stabilizes chromatin folding) but also functional, by which
I mean that it promotes the efficacy and fidelity of RNA biogenesis.

I begin by extensively reviewing the main features of inter-
chromosomal genome architecture. I follow this with a shorter
discussion of the possible role of genetic variants in trans,
and with some specific examples borrowed from cardiomyocyte
biology. Having outlined the supporting evidence, I then flesh
out my hypothesis and propose an experimental framework
for its formal testing. I conclude by discussing open questions
in the area. Throughout I focus on mammalian genome regulation
and architecture since it is well established that it involves
unique mechanisms not seen in other model organisms such
as invertebrates, plants, and yeasts (which in turn have their
own peculiarities). Nevertheless, I present selected examples
from the broader spectrum of eukaryotic life, as I speculate
that the general principle behind the notion of TIDs may
be broadly applicable.

INTER-CHROMOSOMAL GENOME
ARCHITECTURE

Over the last decade, technological advancements in the field
of chromatin architecture have firmly established that mammalian
interphase chromosomes are not randomly dispersed in the
nucleus, but rather highly organized (reviewed in Rowley and
Corces, 2018; Kempfer and Pombo, 2020). Most of our current
understanding of genome topology is focused on intra-
chromosomal (cis) interactions resulting from a variety of
hierarchical features at different genomic scales. These include
various kinds of DNA loops (such as promoter-enhancer pairing),
topologically-associating domains (TADs; sub-megabase regions
of preferential self-interaction), and A/B compartmentalization
(chromosome-wide separation of active/inactive chromatin due
to inter-TAD contacts). A large body of work has recently
emerged to show that while a large fraction of intra-chromosomal
genome structure is largely invariant across cell types and
states, dynamic changes do occur at all levels and can contribute
to gene regulation both during development and in disease
(reviewed in Krumm and Duan, 2018; Zheng and Xie, 2019).

In contrast to this, inter-chromosomal (frans) interactions
are much less understood and studied. The motivations are
at least three-fold. First, there is a widespread belief in the
community that most inter-chromosomal interactions are just
noise resulting from Brownian movements of chromatin, and/
or technical artifacts arising from proximity ligation-based
methods (which dominate the field of chromatin conformation
capture, 3C). Indeed, one commonly used quality control
measure for 3C-type studies is the ratio of cis/trans interactions,
which is expected to be high. While trans interactions are
certainly more noisy than cis ones, as discussed below, abundant
evidence indicates that there is nevertheless signal worth
measuring. Which brings us to the second problem, namely
the relative immaturity of statistical and computational approaches
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to confidently identify trans interactions. Indeed, due to their
different biophysical nature trans interactions cannot be simply
treated analytically with the now well-established methods
developed for cis ones (which for instance rely on normalizing
contact counts based on the linear genomic distance to account
for the varying probability of random interactions). Finally,
compounding on this limitation is the fact that trans interactions
are less frequent than cis ones by a factor of ~2-5 (depending
on the cell type and assay), while being also spread across a
much wider contact matrix 2D space (and even a broader
one if we consider three-way interactions). This results in data
that is very sparse unless a prohibitively expensive sequencing
depth is utilized, particularly in the case of genome-wide studies.
Statistical approaches to detect trans interactions have therefore
either low power (few data points) or low resolution (genomic
bins of large size are used to aggregate the sparse interaction
counts). As a result of these three main factors, trans interactions
are often dismissed early during the analysis or only used for
very basic broad assessments of chromosome territories.
That all being said, some key advances have already been
made in our understanding of inter-chromosomal genome
architecture. These are summarized in the subsections that follow.

Chromosome Territories
Mammalian interphase chromosomes are not fully intermixed
yet occupy mostly distinct nuclear domains referred to as
“chromosome territories” (reviewed in Cremer and Cremer,
2010). The territorialization of chromatin was hypothesized in
the late 19th and early 20th century by Carl Rabl and Theodor
Boveri, and experimentally demonstrated through microscopical
observations by Thomas and Christoph Cremer in the 1980s
(Cremer et al,, 1982). Some 30years later, genome-wide 3C
analysis (Hi-C) by Lieberman-Aiden et al. (2009) showed that
the intra-chromosomal contact probability is much greater than
the average contact probability between different chromosomes,
consistently with the existence of chromosome territories.
Chromosome territories have been observed in multiple species
including yeasts (Duan et al, 2010) and plants (Dong et al,
2018), indicating that this is perhaps a universal feature of
nuclear organization in multicellular organisms. Chromosome
territories are not randomly positioned in the nucleus yet
present preferential relative placement (Croft et al., 1999; Nagele
et al,, 1999; Cremer et al., 2001), a property that may partially
explain the reproducible outcome of certain common
chromosomal translocations (Roix et al., 2003). The distribution
of chromosome territories is also somewhat tissue-specific
(Parada et al., 2004; Bolzer et al., 2005), and is transmitted
through mitosis (Gerlich et al.,, 2003). Chromosome territory
dynamics may thus influence (or be influenced by) cell identity,
and contribute to the epigenetic memory stabilizing a given state.
The well-established concept of chromosome territories is
perhaps the motivation leading many to dismiss inter-
chromosomal architecture, relegating its possible relevance to
“exotic” examples such as sperm cells (which are characterized
by a high frequency of both extra-long-range cis interactions
and trans contacts; Ke et al., 2017b) or to non-mammalian

cells (such as the KNOT structure in Arabidopsis thaliana, an
established heat-shock responsive inter-chromosomal structure;
Dong et al., 2018; Sun et al, 2020). The general skepticism
about early reports of trans interactions frequency in Hi-C
experiments as high as 60-70% was well funded: it was later
shown that in-solution proximity ligation leads to many spurious
ligation events, a problem that can be bypassed for instance
by performing in-nucleus proximity ligation (Nagano et al,
2015). Nevertheless, even using this refined protocol the frequency
of trans interactions remained consistently between 10 and
15% for both human and mice samples (Nagano et al., 2015).
An even more rigorous assessment of multi-way chromosomal
conformation through chromosomal walks (C-walks) confirmed
a frequency of 7-10% inter-chromosomal interactions (Olivares-
Chauvet et al, 2016). Even assuming that this is still an
overestimation of bona fide interactions that may in truth be as
limited as to ~5% of the total (and as discussed below this
fraction seems to be much larger in certain cell types), this
would still account for 1/20th of the data. Is it not worth to
analyze it beyond just confirming the well-established concept
of chromosome territories?

Nuclear Subcompartments

When the question posed above has been answered in the
affirmative, important insights have been made. Lieberman-
Aiden et al. (2009) leveraged their aforementioned Hi-C data
to show that small, gene-rich chromosomes and large, gene-
poor chromosomes form distinct clusters that preferentially
interact with each other. These findings confirmed -earlier
analyses by DNA fluorescent in situ hybridization (FISH; Boyle
et al., 2001; Tanabe et al., 2002). This was an important hint
that trans interactions happening at the borders of chromosome
territories are not simply random, but may for instance relate
to transcriptional activity.

Building upon this concept, Rao et al. (2014) found that
incorporating trans interactions when determining chromatin
compartmentalization features allowed to go beyond the simple
A/B paradigm by identifying at least six subcompartments,
each bearing a distinctive pattern of epigenetic features. While
the dataset in question was exceptional for its sequencing
depth (4.9 billion contacts), this same feat can now be achieved
from “conventionally-sized” datasets with moderate coverage
using the SNIPER algorithm (Xiong and Ma, 2019). This
computational approach leverages once again on inter-
chromosomal interactions, imputing them based on a statistical
model when the data is too sparse, and identifies
subcompartments with defined epigenetic characteristics and,
in some cases, strong cell specificity. This is another strong
piece of evidence indicating that trans interactions correlate
with gene expression regulation dynamics.

Kaufmann et al. (2015) performed a comprehensive analysis
of inter-chromosomal interaction networks comparing Hi-C
data for mouse and human embryonic stem cells (mESCs
and hESCs). Remarkably, this pointed at ~70 and ~40% of
the genome as being involved in at least one inter-chromosomal
interaction in mESCs and hESCs, respectively, corresponding
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to ~30% of genes in both species. Such contacts are not
homogeneously distributed: similarly to what previously
observed for Saccharomyces cerevisiae (Kruse et al., 2013), the
authors found a high degree of clustering within the interaction
networks. In hESCs, small, gene dense chromosomes dominate
the network, interacting predominantly with themselves in
agreement with the aforementioned findings of Lieberman-
Aiden et al. (2009). Additionally, both mouse and human
chromosomes interact more strongly at centromeres. Domains
involved in human intra-chromosomal interactions (but not
mouse ones) are enriched in active histone marks, suggesting
their involvement with human-specific transcriptional dynamics.
Further supporting this notion, inter-chromosomal interactions
between human gene pairs significantly correlate with similarity
in both function and co-expression. In this context,
approximately half of all human trans-interacting genes are
bound by the CTCF/cohesin complex, an established master
regulator of both intra- and inter-chromosomal interactions
(reviewed in Ong and Corces, 2014). Remarkably, human and
mouse inter-chromosomal network seem to be very poorly
conserved (i.e., not more significantly that would be expected
at random), in sharp contrast with the strong conservation
of intra-chromosomal architecture between these two species
(Dixon et al,, 2012). It is therefore tempting to speculate that
rearrangements in inter-chromosomal architecture may have
played a role in human-specific evolutionary changes, perhaps
by altering gene co-regulation through novel nuclear “hubs”

Aiming to increase the signal to noise ratio of Hi-C
measurements, particularly in the context of inter-chromosomal
interactions, Kalhor et al. (2012) developed tethered conformation
capture (TCC), which prevents Brownian interactions between
crosslinked DNA complexes during proximity ligation. This
approach resulted in a proportion of inter-chromosomal
interactions of 25-30% of the total contacts, an approximately
two-fold reduction compared to non-tethered, in solution Hi-C.
To bypass the inherent inability of bulk Hi-C to detect multivalent
chromatin interactions happening in individual cells, the authors
also developed a modeling approach that constructs a population
of three-dimensional (3D) genome structures that collectively
best explain the observed interactions. Analyses of trans contacts
revealed three major aspects: (1) each human chromosome
possesses a few regions collectively explaining the majority of
trans interactions; (2) such regions are characterized by high
transcriptional activity; and (3) they interact with each other
in a largely indiscriminate fashion. This led the authors to
speculate that such domains intermingle chiefly because they
happen to all be accessible within the nuclear interior, “escaping”
the constraints of their respective chromosome compartments.
However, refinements in the quantitative analyses of 3D structure
population models showed that some inter-chromosomal
interactions are actually relatively specific and liked to gene
co-regulation (Dai et al.,, 2016). Indeed, the authors identified
nearly four thousand “regulatory communities™ clusters of
chromatin domains enriched for specific regulatory factors.
These include Pol IT and transcription factors, RNA polymerase
III (Pol I1I), and the polycomb binding protein YY1, suggesting
that the relevant regulatory communities may represent

transcription factories, transfer RNA factories, and polycomb
domains, respectively. Notably, ~80% of regulatory communities
contain domains from multiple chromosomes, indicating an
extensive degree of inter-chromosomal architecture.

Proximity ligation-based approaches to map genome
organization are designed to capture close proximity between
DNA fragments. Therefore, they are relatively blind to intra-
and inter-chromosomal architecture revolving around relatively
large nuclear bodies, which can range from ~0.5 to ~2pm.
To bypass this limitation, Quinodoz et al. (2018) developed
a ligation-independent approach called split-pool recognition
of interactions by tag extension (SPRITE), which allows the
identification of very large chromatin clusters with even more
than a thousand DNA fragments. By applying this approach
to human cells, they revealed how a large fraction of inter-
chromosomal interactions revolve around two main hubs: a
“nucleolar hub” enriched for peri-centrosomal, gene-poor
domains stably interacting with rDNA genes and rRNA
transcripts, and a “speckle hub” partial to highly transcribed,
gene-rich regions dynamically coming into contact with
spliceosomal RNAs and other mRNA processing factors (all
characteristics of so-called “nuclear speckles”; Galganski et al.,
2017). This elegant study extended earlier observation that
actively transcribed, gene-dense regions can loop out from the
center of chromosome territories (Mahy et al., 2002; Branco
and Pombo, 2006), indicating that at least some of these
converge onto nuclear speckles. Notably, similar results have
been obtained with other ligation-free methods such as genome
architecture mapping (GAM; Beagrie et al., 2017) and tyramide
signal amplification sequencing (TSA-seq; Chen et al, 2018).

Interestingly, a subsequent study showed that inter-
chromosomal interactions mapped by both TCC and SPRITE
have a strong GC sequence bias (Jabbari et al., 2019), in
agreement with earlier observations on Hi-C data (Yaffe
and Tanay, 2011). Therefore, it is possible that aggregation
into nuclear bodies may favor flexible, nucleosome poor,
and loosely packed genomic regions, all characteristics of
GC-rich domains, while rigid and compacted AT-rich regions
are instead enriched at heterochromatic sites at the nuclear
lamina (Jabbari and Bernardi, 2017).

The overall picture emerging from these seminal studies is
that while chromosome territories greatly limit the possibility
for inter-chromosomal interactions, they do not present hard
boundaries. Among the regions able to overcome chromosome
territories-mediated topological restrictions, several genomic
domains (particularly flexible, GC-rich regions characterized
by high transcriptional activity), can extrude to the surface
and engage with each other in the proximity of transcription
factories, tRNA factories, polycomb domains, the nucleolus,
nuclear speckles, and/or other yet-to-be clarified nuclear
subcompartments (Figure 1).

In the following subsections, I provide a more in-depth review
of the nuclear subcompartments that are most relevant to the
hypothesis of this article. For this, I focus on structures involved
in the biogenesis of mRNAs. The relationship between chromatin
organization and other nuclear subcompartments involved in
non-coding RNA biogenesis, such as the nucleolus and tRNA

Frontiers in Genetics | www.frontiersin.org

March 2021 | Volume 12 | Article 645863


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Bertero

RNA Biogenesis and Trans Nuclear Regulations

Splicing factory
| .

Nuclear

Nucleolus
speckles __

Polycomb
domain

Transcription
factories

FIGURE 1 | Inter-chromosomal genome organization. Interphase
mammalian nuclei are characterized by chromosome territories. Inter-
chromosomal interactions mainly involve genomic domains that extrude into
the inter-chromosomal space and engage with a variety of membranelles
structures involved in gene regulation and RNA biogenesis.

factories, is reviewed extensively elsewhere (Pederson, 2011;
Kirkland et al., 2013; Bersaglieri and Santoro, 2019).

Transcription Factories

As just discussed, highly transcribed genomic domains are
those most often involved in inter-chromosomal interactions.
Accordingly, inhibition of transcription reduces chromosome
intermingling (Branco and Pombo, 2006). Moreover, mapping
of Pol II-mediated chromatin interactions showed that these
are not just intra- but also inter-chromosomal (Li et al., 2012).
Trans interactions between active genes may be indiscriminate
and dictated by the random motion of open chromatin in the
euchromatic nuclear interior, or could be highly specific. A
few examples of the latter category have accumulated over the
years, indicating that both mechanisms likely contribute to
inter-chromosomal architecture.

Following early indirect evidence and the formulation of
the “transcription factory” hypothesis by Cook (1995) and
Pombo et al. (2000), the laboratory of Peter Fraser was the
first to formally show that transcribed genes in cis- and in
trans- often colocalize at the site of transcription factories
(Osborne et al., 2004). Through RNA FISH analyses the frequency
of this colocalization was estimated to be 40-60% for several
intra-chromosomal interactions involving the Hbb (beta-globin)
gene, and 7% for the inter-chromosomal interaction between
Hbb and Hba (alpha-globin), which is substantially higher than
the expected frequency for a random interaction (~1%). In
this context cis interactions involving Hbb require initiation
of transcription, arguing for an active recruitment model
(Mitchell and Fraser, 2008). Subsequent genome-wide studies
using 3C-based approaches validated the various cis interactions

of the Hbb locus (Simonis et al., 2006), and found a strong
proportion of trans interactions for Hbb in the fetal liver (~40%
of all contacts, a rate ~10% higher than what is seen in
non-Hbb-expressing brain tissue; Pink et al., 2010). Enhanced
chromatin immunoprecipitation followed by 3C-on-chip (e4C)
indicated that a striking ~90% of all interactions involving
Pol II-enriched Hbb or Hba involve genes on other chromosomes
(Schoenfelder et al., 2010). While these trans-interacting gene
networks are for the most part distinct, some genes were shown
to significantly interact with both Hbb and Hba at the same
transcription factory (Slcal, Kel, and Tfrc). Remarkably, both
the recruitment of Hbb to transcription factories and its
colocalization with its trans partners Hba and Epb4.9 requires
the erythroid transcription factor KIfl (Schoenfelder et al.,
2010). KIf1 is enriched in ~40 foci per nucleus, corresponding
to only ~10-20% of transcription factories. These findings
strongly argued for the existence of specialized transcription
factories “bookmarked” by high levels of KIfI.

Compelling evidence for another specialized transcription
factory came once again from the Fraser lab, which showed
that induction of immediate early genes in B cells leads to
frequent repositioning of the proto-oncogene Myc to the same
transcription factory occupied by Igh, a well-known inter-
chromosomal translocation partner (Osborne et al., 2007). Such
association was reported at a frequency of ~25%, which is
similar to that of the intra-chromosomal colocalization of Igh
with Fos, and up to 10-fold higher than that for Igh and other
genes on the same chromosome as Myc, overall suggesting a
strong specificity. Other notable inter-chromosomal gene-gene
interactions in either putative or bona fide transcription factories
include the Oct4 and Nanog-dependent interactions between
the Nanog gene itself and several other pluripotency factors
in mESCs (de Wit et al, 2013), and the Brgl- and Stat3-
dependent clustering of Gfap and other co-regulated genes
such as Osmr in differentiating astrocytes (Takizawa et al,
2008; Ito et al., 2016, 2018).

One final but particularly remarkable example of specialized
transcription factory is the one involving TNFa-responsive
genes in endothelial cells (Figure 2A; Papantonis et al,
2010, 2012). It was shown that 10min after stimulation
with TNFa the promoters of two genes located ~50 mb apart
on the same chromosome (SAMD4A and TNFAIP2) and a
third gene on a different chromosome (SLC6A5) can associate
as part of a NF-kB-dependent multigene cluster (Papantonis
etal,, 2010, 2012). This happens in ~5% of the cells, indicating
that it is a relatively reproducible event (Fanucchi et al,
2013). Using this model system, Fanucchi et al. (2013) set
out to test whether the formation of these intra- and inter-
chromosomal contacts are required for cotranscription of
the interacting genes. By perturbing, in turn, each of the
three chromatin interaction sites through cleavage of the
relevant genomic DNA, they uncovered important trans-
acting effects on NF-kB-dependent gene expression. Indeed,
cleavage of a single allele of SAMD4A resulted in virtually
no transcription of both TNFAIP2 and SLC6A5 after TNFa
stimulation. Importantly, this was observed in cells where
the remaining copy of SAMD4A was sufficient to maintain
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FIGURE 2 | RNA Factories. (A) A representative, well-understood
transcription factory involved in the control of TNFa-responsive genes in
endothelial cells (Papantonis et al., 2010, 2012; Fanucchi et al., 2013).
Rapidly after TNFa treatment, binding of NF-xB leads to clustering of two
genes located on the same chromosome but separated by ~50 Mb
(dashed line), and of a third gene found on a different chromosome. This
mechanism is key to transcriptional activation of all three factors in the
same cell. (B) The muscle-specific RBM20 splicing factory (Bertero et al.,
2019a). Binding of RBM20 to the many sites on its core target, the TTN
pre-mRNA, nucleates foci that lead to clustering of other targets,
promoting the regulation of their splicing. Black arrows indicate
transcriptional activity (thin lines: weak; thick lines: strong), and blue
arrows indicate regulation of splicing.

wild type-like levels of SAMD4A protein throughout the
duration of the experiment, excluding the possibility that
this factor is required for the transcription of TNFAIP2
and SLC6A5. The authors further observed that not all genes
in the cluster were equally important for each other’s
transcription: cleavage of TNFAIP2 only reduced SLC6A5
expression, while cleavage of SLC6A5 did not affect the
other two genes. Overall, the authors proposed a hierarchical
model whereby the dominant member of the NF-kB multigene
complex, SAMD4A, organizes transcription of subordinate
genes through the establishment of both long-range intra-
chromosomal interactions and inter-chromosomal contacts.
To my knowledge, this is the only mechanistic study to
date that demonstrated how a specialized transcriptional
factory can be more than just a structural feature of the
nucleus, representing a key functional entity that promotes
gene co-regulation.

RNA factories may not just characterize interphase
chromosomes. Peter Cook first theorized that transcription
factories from homologue chromosomes play a key role in
their pairing during mitosis (Cook, 1997). In this context, the
formation of inter-chromosomal interactions between loci sharing
the same set of protein regulators would stabilize the association
of partially-condensed homologue chromosomes. Fulfilling this
prophecy, recent work demonstrated that homologue
chromosome pairing in yeast relies on ribonucleoprotein (RNP)
complexes involving locally-transcribed, meiosis-specific long
non-coding RNAs (IncRNAs; Ding et al., 2019).

Besides these examples in mammalian systems, inter-
chromosomal interactions involving co-regulated genes have
been observed in organism as different as yeasts (Homouz
and Kudlicki, 2013), wheat (Concia et al., 2020), and sea urchins
(Matsushita et al., 2017). This suggests that the formation of
transcription factories that reproducibly involve the same loci
(henceforward referred to as “zip coded transcription factories”)
is either an evolutionarily conserved mechanism or an emergent

property of gene regulation across genomes of different complexity
and size. However, the pervasiveness of this mechanism remains
to be established.

Nuclear Speckles

Inter-chromosomal interactions between co-regulated active
genes are not limited to those occurring at transcription factories.
As discussed, nuclear speckles (which are functionally very
distinct from Pol II clusters; Galganski et al., 2017), represent
another key subcompartment enriched for trans interactions
(Quinodoz et al., 2018). Nevertheless, only a handful of specific
cases have been studied in detail to date.

One such example is the estrogen receptor o-induced
interaction of TFFI and GREBI in mammary epithelial cells
(Hu et al., 2008). This involves a two-step process relying first
on actin/myosinl/DLC1-mediated cytoskeletal dynamics to
reorganize chromosome territories, and then on the histone
lysine demethylase LSDI1 to induce the trans association of
TFF1 and GREBI in the context of nuclear speckles (Hu et al.,
2008). Another example is the aforementioned interaction of
alpha- and beta-globin genes with each other as well as with
other erythrocyte genes. Challenging the notion that these
often share a transcription factory, Brown et al. (2006, 2008)
found that a large fraction of these inter-chromosomal
associations happen around nuclear speckles.

Whether colocalization at the same nuclear speckle for
co-regulated genes promotes transcriptional and/or post-
transcriptional regulation has not, to my knowledge, been yet
formally tested.

Splicing Factories

While much less established, the role of mRNA biogenesis
steps besides transcription in inter-chromosomal regulation is
beginning to emerge. Indeed, my colleagues and I recently
showed that in cardiomyocytes derived from hESCs (hESC-
CMs) foci of the muscle-specific splicing factor RBM20 mediate
inter-chromosomal interactions between some of its key target
loci (Figure 2B; Bertero et al., 2019a). We also mechanistically
dissected the process by showing that RBM20 foci form only
when scaffolded by its primary target, the pre-mRNA of the
giant sarcomeric factor TTN, which is known to contain more
than 100 RBM20 binding sites (Maatz et al, 2014). In cells
lacking the TTN pre-mRNA due to a promoter deletion, and
therefore with no RBM20 foci, the TTN gene no longer engages
in trans interactions with the RBM20 target genes CAMK2D
and CACNAIC. While in these conditions the expression and
nuclear localization of RBM20 are unchanged, the RBM20-
dependent alternative splicing events on both CAMK2D and
CACNAIC is markedly impaired. Importantly, deletion of the
titin protein product but not of the TTN pre-mRNA (through
the insertion of a premature stop codon that does not lead
to nonsense-mediated decay) had no effect on the formation
of RBM20 foci and on the splicing of CAMK2D and CACNAIC.
This excludes the possibility that titin is somehow involved
in the control of RBM20 localization and/or activity, and
indicates that the TTN pre-mRNA has specific trans-acting effects.
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Overall, we concluded that RBM20 foci represent the first
example, to the best of our knowledge, of a nuclear
subcompartment specialized in the regulation of splicing for
a defined subset of genes located across multiple chromosomes,
in other words, a trans-acting “zip coded splicing factory”
Whether this is an exceptional case or the first of many examples
of this type of regulation is yet to be determined.

Trans-Acting Regulatory Regions
On top of engagement of co-regulated genes in transcription
and/or RNA processing factories, there are several instances
of specific regulatory trans interactions involving a single
gene and one or more regulatory sequences that either repress
or promote its expression. Repressive regulations include the
inter-chromosomal interaction between the T helper cell 2
locus control region (TH2 LCR) and the IFN-y gene (Spilianakis
et al., 2005). This interaction is very strong in naive CD4
positive T cells, and is relieved after specification of either
TH2 or THI1 cells, the latter leading to a novel intra-
chromosomal interaction of IFN-y that promotes its expression.
Thus, the TH2 LCR is believed to create a repressive-yet-
poised chromatin hub key to the rapid activation of one of
the two T helper specification programs. Initiation of
mesendoderm differentiation is similarly regulated by an Oct4-
dependent switch of the Sox17 enhancer from a locked inter-
chromosomal conformation (involving the Sox2 gene) to an
active intra-chromosomal engagement with SoxI7 (Abboud
et al., 2015). Myogenesis is also temporally regulated by the
inter-chromosomal sequestration of key regulatory regions
for late muscle genes, which relies on the master transcription
factor MyoD1 and is required to prevent their premature
activation (Harada et al.,, 2015). Another interesting example
is the interaction between the well-studied Igf2/H19 imprinting
control region (ICR) and over 100 sequences from all autosomes,
leading to epigenetic regulation in trans (Zhao et al., 2006).
One such interaction involving the maternal ICR and the
mouse Wsb1/Nsfl Locus relies on CTCF for its stabilization,
and represses Wsb1/Nsfl expression (Ling et al., 2006). In
porcine cells, the IGF2/H19 ICR is found in the proximity
of other imprinted genes such as DLKI and MEG3 (Lahbib-
Mansais et al., 2016), in agreement with the strong
overrepresentation of imprinted domains in the genome-wide
interactions involving this ICR in the mouse (Zhao et al., 2006).
Besides these repressive trans chromatin structures, there are
multiple examples of inter-chromosomal regulations that promote
gene expression. Activation of the IFN-f gene relies on trans
interactions with up to three genomic regions that bring limiting
amounts of the key viral-induced transcription factor NF-kB
onto the IFN- enhancer, allowing the formation of an
enhanceosome (Apostolou and Thanos, 2008). Similar inter-
chromosomal enhancers promote expression of Pax5 specifically
in B cells (Fujita et al,, 2017), and of Tead4 in trophoblast
stem cells (Tomikawa et al., 2020). One final example is perhaps
the most extraordinary trans chromatin regulation described
to date, namely the formation of the mouse olfactory receptor
multi-chromosomal super-enhancer (Lomvardas et al., 2006;

Markenscoff-Papadimitriou et al., 2014; Monahan et al.,, 2017).
This structure, which includes 63 enhancers from 18 chromosomes
(named Greek islands), is key to remove heterochromatin marks
from a single olfactory receptor chosen stochastically among
more than 1,000 such genes dispersed in various heterochromatin
clusters. Formation and maintenance of this remarkable inter-
chromosomal enhancer cluster requires the active involvement
of the Greek islands-bound transcription factor Lhx2 and of
its adaptor protein Ldbl (Monahan et al.,, 2019).

Overall, it is now clear that inter-chromosomal chromatin
architecture is not just restricted to active genes in more or
less defined nuclear subcompartments or neighborhoods, but
can extend to include complex multifactorial regulatory
interactions generally mediated and stabilized by specific protein
co-factors.

Polycomb Domains

A specific subtype of trans-interacting regulatory structure is
presented by regions brought in proximity by the Polycomb
protein complex (PcG), an important regulator of gene silencing
through the deposition of the repressive histone mark histone
3 lysine 27 trimethylation (H3K27me3). PcG factors such as
the catalytic subunit EZH2 are involved in both intra- and
inter-chromosomal interactions (Tiwari et al., 2008). For instance,
in mESCs primed for differentiation the homeobox gene clusters
(Hox; key developmental regulators of antero-posterior
patterning) become bivalently marked by H3K4me3 and
H3K27me3, corresponding to the onset of specific long-range
intra- and inter-chromosomal interactions (Joshi et al., 2015).
Notably, these Hox “polycomb domains” are localized away
from the nuclear lamina and within the A compartment (Vieux-
Rochas et al.,, 2015), suggesting that the formation of a specific
bivalently-marked chromatin sub-microenvironment within
active chromatin may be key to maintain selective gene silencing
while allowing for rapid activation of Hox factors upon
developmental cues.

TRANS-ACTING EXPRESSION
QUANTITATIVE TRAIT LOCI

Genetic variants associated with disease phenotypes are
overwhelmingly non-coding, with <5% of trait-related single-
nucleotide polymorphisms (SNPs) identified by genome-wide
association studies (GWAS) representing non-synonymous
substitutions in protein-coding genes (Eicher et al.,, 2015). It
is generally thought that a large fraction of disease-associated
non-coding variants may be explained by alterations in inter-
chromosomal regulations such as promoter-enhancer
interactions (Dekker and Mirny, 2016; Delaneau et al., 2019),
possibly due to altered binding of transcription factors (Wong
et al, 2017). Indeed, GWAS SNPs are very often associated
with the expression levels of nearby genes, referred to as cis
expression quantitative trait loci (cis eQTLs; Michaelson et al.,
2009). However, eQTL analyses have also revealed a growing
number of genetic variants that affect gene targets (eGenes)
either far away on the same chromosome (separated by at
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1-5Mb, depending on the study definition) or located on a
different chromosome altogether (Heinig et al., 2010; Fehrmann
etal., 2011; Innocenti et al., 2011; Fairfax et al., 2012; Grundberg
et al,, 2012; Liang et al., 2013; Battle and Montgomery, 2014;
Kirsten et al., 2015). Such variants are therefore referred to
as trans eQTL. These are difficult to identify with statistical
confidence both because of the large multiple testing burden
involved and due to a generally weaker effect on gene expression
compared to cis eQTLs (McKenzie et al., 2014). Nevertheless,
an eQTL meta-analysis including 5,311 patients was able to
identify 1,513 significant trans eQTLs involving 346 SNPs
and 430 genes (Westra et al., 2013). An even larger analysis
of a single cohort of 6,111 individuals found 5,749 lead trans
eQTLs affecting 4,958 genes (Jochanes et al., 2017).

The mechanism of action of trans eQTLs remains unclear,
but three major possibilities have been proposed so far
(Figure 3A). First, the gene variant may directly affect the
expression of the distal gene (frans eGene), perhaps as a result
of an inter-chromosomal regulatory interaction such as those
described in the above section “Trans-Acting Regulatory Regions”
Secondly, the gene variant may act indirectly through a third
actor: a proximal gene (cis eGene) whose expression is directly
regulated by the SNP and that in turn can directly

A Direct trans R
Irec < everse
eGene
%
eQTL __ indirect T Disease
cis
eGene

| S

=225 2l >

FIGURE 3 | Mechanism of Action of Trans-Acting Expression Quantitative
Loci. (A) The connection between a trans eQTL and its trans eGene can

be mediated by three possibilities: direct regulation (blue path), indirect
nuclear regulation through an intermediate cis eGene (gray path), or reverse
regulation from a diseased state (black plus orange pathways). (B,C) Indirect
regulation of trans eGenes by trans eQTL may in some cases be mediated by
disruption of transcription factories (B) or splicing factories (C). An allelic
variant may decrease binding of trans-acting regulators (i.e., transcription
factors, yellow ovals, or splicing factors, pink ovals) to core nucleic acids,
disrupting their clustering and the resulting formation of trans-interacting
chromatin domains and RNA factories (see Figure 4A). Black and blue
arrows indicate transcriptional and splicing activity, respectively (thin lines:
weak; thick lines: strong). The orange arrow indicates regulation of
transcriptional initiation.

modulate expression of the trans eGene. Proposed mechanisms
behind the mediating action of such a cis eGene include its
function as a transcription factor, micro RNA, or another
regulatory non-coding RNA (Joehanes et al., 2017). Finally,
the gene variant may be regulating the trans eGene even
more indirectly as a result of “reverse causality”: a feedback
mechanism arising from a diseased state caused directly by
the SNP (for instance in the case of non-synonymous
substitutions) or through modulation of a cis eGene. Indirect
regulation or reverse causality can be tested through mediation
analysis, which assesses whether a third factor (either a cis
eGene or a phenotype) significantly accounts for the observed
trans eQTL-trans eGene relationship. Using this approach it
was found that 20-35% of trans eQTLs can be explained by
the alteration of a mediating cis eGene (Pierce et al., 2014;
Yao et al, 2017). Notably, over 80% of trans eQTLs also
have an associated cis eGene (Yao et al, 2017), indicating
that the proportion of “indirect trans eQTLs” may be even
larger than what could be assessed with confidence by mediation
analysis. The comprehensive genotype-tissue expression (GTEx)
consortium reported similar observations, as 31.6% of lead
trans eQTL identified across 27 tissues proved to be also cis
eQTL, and 77% of these were predicted to contribute to the
trans effect by mediation analysis (Aguet et al, 2020).
Interestingly, Yao et al. (2017) found no evidence for the
possibility of reverse causality as an underlying mechanism
explaining trans eQTLs, suggesting that if this mechanism
does contribute it is not a common and/or a strong factor.

In the study of Yao et al. (2017) some trans eQTLs were
found to significantly regulate numerous genes and were thus
called “trans eQTL hotspots.” These were also notable because
the resulting gene regulation had a clear directional bias,
with 65% of trans eGenes for a given trans eQTL hotspot
being all up- or-down-regulated. This may be explained by
the indirect alteration of a cis eGene with function of
transcription factor activating or repressing a gene network
containing the frans eGenes. For instance, this kind of
mechanism was proposed for a trans eQTL which controls
the expression of IFN-a-responsive genes through indirect
alteration of the transcription factor IKZF1 (Westra et al,
2013). However, Yao et al. (2017) found no significant
enrichment for transcription factors in the cis eGenes linked
to trans eQTL hotspots (only 2 out of 37). On the other
hand, the authors found that approximately one third (13/37)
of these cis eGenes shared the same regulatory motif with
the trans eGenes. A similar enrichment of transcription factor
motifs in the promoter of trans eGenes linked to trans eQTL
has also been reported elsewhere (Joehanes et al., 2017). Thus,
it is an intriguing possibility that a substantial fraction of
trans eQTLs may act through an alternative mechanism that
does not involve the protein product of a cis eGene, but
rather shared regulatory mechanisms at the level of mRNA
biogenesis. For instance, disruption of RNA factories due to
impaired binding of trans-regulatory factors and/or to reduced
abundance of core nucleic acids may impair trans-acting
transcriptional and/or splicing defects (Figures 3B,C; refer
to the model discussed in the below section “Mechanisms
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Leading to the Formation of RNA Factories”). Of note, a
similar mechanism could in principle be involved in the
action of trans eQTLs involving cis eGenes located far away
on the same chromosome.

A recent study found evidence that human inter-individual
correlation of chromatin regulatory activity driven by genetic
variation occurs both intra- and inter-chromosomally, leading
to the formation of trams-regulatory hubs, TRHs (Delaneau
et al, 2019). The authors found several lines of evidence
suggesting a link between this kind of regulation and inter-
chromosomal genome architecture: (1) correlation in chromatin
activity is enriched for genomic domains involved in inter-
chromosomal interactions; (2) TRHs belong to the A or B
compartment; (3) trans allelic correlation was observed in TRHs;
and (4) some TRHs mediate trans eQTL effects. Along these
lines, trans eQTLs identified by the GTEx consortium are
specifically enriched for CTCF binding sites (Aguet et al., 2020).
Opverall, these findings add further evidence to the possibility
that genetic variation may influence inter-chromosomal genome
architecture through modulation of RNA biogenesis in trans.

THE CARDIOMYOCYTE NUCLEUS: A
CASE IN POINT

While in the previous sections I introduced evidence for the
interplay between RNA biogenesis and inter-chromosomal genome
organization across many different biological systems, here I provide
a cohesive case in point for a specific model: the mammalian
cardiac myocyte. This is chosen for several reasons. Cardiomyocytes
are highly important from a medical perspective, as cardiovascular
disease remains the number one killer worldwide (Virani et al.,
2020). As a result, developmental and disease-associated
mechanisms controlling cardiomyocyte gene expression have
been extensively studied for several decades (reviewed in Chang
and Bruneau, 2012; Akerberg and Pu, 2019). Of particular
relevance to this manuscript, cardiomyocyte 3D nuclear
organization has been the focus of numerous recent investigations,
an aspect my colleague and I recently reviewed (Bertero and
Rosa-Garrido, 2020). Moreover, being a highly specialized,
postmitotic cell type, the cardiomyocyte has a relatively stable 3D
chromatin architecture that does not undergo the substantial
rearrangements associated to the cell cycle (Nagano et al., 2013;
Ramani et al.,, 2017), thus representing an ideal model to test
the hypothesis outlined in this manuscript. On a practical level,
the development of robust protocols to differentiate and mature
cardiomyocytes from hESCs and induced pluripotent stem cells
(iPSCs) has greatly simplified the study of cardiac biology,
making this a widely accessible model (reviewed in Mummery
et al., 2012; Protze et al., 2019; Karbassi et al., 2020).

Cardiac Inter-Chromosomal Genome
Organization

My colleagues and I found that differentiation of hESCs into
cardiomyocytes leads to an almost two-fold increase of inter-
chromosomal interactions, which represent ~50% of all

interactions in hESC- and hiPSC-derived cardiomyocytes
(Bertero et al., 2019a). These results were obtained using in
situ DNase Hi-C, a genome-wide 3C approach that has less
sequence bias and higher effective resolution than conventional,
restriction enzyme-based Hi-C (Ramani et al., 2016). By
detecting chromatin interactions within fixed and minimally
altered nuclei, this method also minimizes the chances of
detecting spurious inter-chromosomal interactions resulting
from intermixing of chromatin (a problem characteristic of
in-solution proximity ligation-based approaches, as discussed
in the above section “Nuclear Subcompartments”; Nagano
et al., 2015). Notably, the proportion of trans interactions
in hESC-CMs remained consistently high over a broad range
of fixation conditions (1-4% PFA), suggesting that trans
contacts were not inflated by suboptimal capture of the native
chromatin environment. A high proportion of trans interactions
in cardiomyocytes was observed also in other in situ Hi-C
experiments in cardiomyocytes from other hESC lines (~46%;
Zhang et al., 2019), hiPSC lines (~60%; Bertero et al., 2019b),
primary mouse cardiomyocytes (~39%; Rosa-Garrido et al,
2017), and fetal human hearts (~45%; Bertero et al., 2019a).
Overall, cardiomyocytes appear to have marked inter-
chromosomal genome architecture. This could be connected
to their postmitotic state, which may facilitate the acquisition
of a stable inter-chromosomal organization that is no longer
periodically perturbed by the cell cycle. Whether the formation
inter-chromosomal interactions follows changes in intra-
chromosomal genome architecture or vice versa has not been
yet clarified: establishing this will require sampling of
differentiating cardiomyocytes at a much finer interval than
what has been done so far.

Similarly to other cell types, cardiomyocytes present defined
chromosome territories whereby small, gene-rich chromosomes
are in closer proximity to each other than with large, gene-
poor chromosomes (Bertero et al., 2019a,b). Accordingly, inter-
chromosomal interactions are enriched for domains within the
A compartment, and depleted for B compartment regions
(Bertero et al, 2019ab). Significant inter-chromosomal
interactions are also markedly and specifically enriched for
cardiac-specific genes (Chapski et al., 2019), suggesting that
some trans interactions may involve the formation of functional
chromatin subcompartments such as those described in the
above section “Nuclear Subcompartments’.

One such example has already been presented in the above
section “Splicing Factories”, namely the muscle-specific RBM20
“splicing factory” (Figure 2B), which is nucleated by its key
target, the TTN pre-mRNA, and promotes alternative splicing
of other targets on different chromosomes as they come in
proximity with the TTN locus (Bertero et al., 2019a). Here
it is worth adding that this structure is not just notable from
a mechanistic standpoint, but may also play an important
role in the regulation of cardiac function. Indeed, mutations
in RBM20 are an established cause of dilated cardiomyopathy
(DCM), a condition that leads to progressive impairment of
cardiac output and ultimately to heart failure (Brauch et al.,
2009). RBM20 mutations affect ~3% of DCM patients and
lead to a particularly malignant form of the disease characterized
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also by conduction system disorders and/or life-threatening
arrhythmias (in ~30 and ~45% of patients, respectively; Refaat
et al., 2012; Haas et al., 2015; Kayvanpour et al., 2017; van
den Hoogenhof et al., 2018). This is associated to a faster
progression to heart failure and to the need of cardiac
transplantation at a younger age than other DCM patients
(Kayvanpour et al., 2017). Contractile dysfunction has been
attributed primarily to splicing alterations in TTN (Guo et al.,
2012; Maatz et al., 2014). Indeed, mutations in RBM20 lead
to a longer, more compliant isoform of titin, a protein that
plays a key role in maintaining cardiac stiffness by working
like a molecular spring (Herman et al., 2012). The mechanism
leading to electrical disturbances in the heart of RBM20 DCM
patients is less understood, but may rely on other splicing
alterations in ion-handling genes (Wyles et al., 2016a,b; van
den Hoogenhof et al., 2018). In this context, a recent study
by Schneider et al. (2020) found that a mutation of RBM20 in
an arginine- and serine-rich hotspot leads to impaired nuclear
localization and accumulation of mutant RBM20 in cytoplasmic
RNP granules. Overall, it is tempting to speculate that
maintenance of efficient RBM20 splicing factories is key to
maintain cardiac homeostasis.

The cardiomyocyte nucleus is also characterized by numerous
transcription factories. Analyses in mouse cardiomyocytes
revealed that these respond dynamically to stress induced by
humoral or mechanical stimuli (Karbassi et al., 2019). Moreover,
this response is distinct in neonatal and adult cardiomyocytes:
the former increase the number of actively elongating Pol II
clusters, while the latter increase the size of existing ones.
These transcription factory dynamics parallel the repositioning
of cardiac genes that are up- or down-regulated in response
to stress, which move closer to or away from the nuclear
interior, respectively. Notably, promoter enrichment of Pol II
binding is higher for loci closer to the interior. Moreover,
integration of Hi-C data showed that genes upregulated after
stress have a greater fraction of interaction with each other,
and vice versa for downregulated genes (Rosa-Garrido et al.,
2017; Karbassi et al, 2019). This collective evidence points
towards the conclusion that the cardiomyocyte nucleus possesses
transcription factories that are dynamically modulated in response
to stress. Whether “zip coded transcription factories” (as defined
in the above section “Transcription Factories”) are a common
mechanism in this context remains, however, unclear.

It is important to mention that cardiomyocytes are well
known as one of the few cell types that become polyploid
in physiological conditions. Such process is a hallmark of
postnatal maturation following withdrawal from the cell cycle
(reviewed in Marchiano et al., 2019). This process is species-
specific: while ~90% of rodent adult cardiomyocytes are
tetraploid (4N) through bi-nucleation, with each nucleus being
diploid (2N), ~75% of human adult cardiomyocytes remain
mononucleated but grow in ploidy to 4N or, more rarely,
8N and even 16N. Stress can further augment human
cardiomyocyte ploidy, particularly the proportion of 8N and
16 N nuclei (Gilsbach et al., 2018). Therefore, it is conceivable
that both developmental- and disease-associated ploidy changes
may impose substantial changes on inter-chromosomal nuclear

architecture. This aspect is, however, not straightforward to
study using hESC- or hiPSC-CMs since these largely immature
cells (resembling fetal or early postnatal developmental stages)
are for the most part diploid (reviewed in Karbassi et al,
2020). Moreover, the aforementioned differences in rodent
and human ploidy limits the predictive power of experiments
in mouse models. Studies of ploidy in primary human
cardiomyocytes have begun to emerge (Hesse et al, 2021),
and may be the best approach to elucidate its impact on
inter-chromosomal genome architecture.

Cardiac Trans-Acting Expression
Quantitative Trait Loci

As discussed in the above section “Trans-Acting Expression
Quantitative Trait Loci”, the study of trans eQTLs requires
a large sample size. Therefore, the identification of trans eQTLs
in human cardiomyocytes has proved challenging due to the
complexity associated to acquiring the necessary material from
living individuals. Accordingly, the GTEx consortium only
found a single trans eQTL from the analysis of 386 left
ventricle samples (Aguet et al., 2020). On the other hand,
the study of recombinant inbred rodent strains has provided
valuable insights. For instance, analysis of 24 recombinant
inbred mouse strains identified 1,357 trans eQTLs, as well
as three clusters of trans eQTLs hotspots each regulating
over 50 genes (Imholte et al., 2013). A similar analysis of a
panel of 29 recombinant inbred rat strains led to the
identification of 2,140 trans eQTLs for left ventricle tissue
samples (Grieve et al., 2008). Notably, left ventricle trans
eQTLs outnumbered by more than two-fold those found in
the same study for fat, kidney, and adrenal tissue samples.
The number of trans eQTL clusters was similarly highest for
the left ventricle. Notably, left ventricle trans eQTL showed
a larger degree of correlation in the expression of matched
trans eGenes compared to that observed for cis eQTL-cis
eGene pairs (3.4 vs. 0.6%, respectively). Such correlation was
even more remarkable for left ventricle trans eQTL gene
clusters, reaching 77.2%. Therefore, cardiomyocyte gene
expression seems to be particularly affected by genetic variation
in trans, providing further evidence for the possible role of
inter-chromosomal genome organization in this cell type.

A BIDIRECTIONAL LINK BETWEEN RNA
BIOGENESIS AND NUCLEAR
REGULATIONS IN TRANS?

Having introduced the key relevant observations in the
previous sections, here I present and elaborate on the central
thesis of this manuscript, namely that RNA biogenesis and
regulation of inter-chromosomal genome organization are
closely linked in a bidirectional fashion. As introduced earlier,
this is by no means a novel idea per se. In fact, the contribution
of transcription factories to 3D genome topology has been
hypothesized at least a decade ago (Sexton et al., 2007;
Cook, 2010). This concept has been extended by recent
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studies that coined terms such as “nuclear speckle hubs”
or “regulatory communities” to describe emerging inter-
chromosomal structures in various models (Dai et al., 2016;
Quinodoz et al, 2018). In this context, my goal here is
three-fold: (1) to generalize the “transcription factory
hypothesis® of Cook, Pombo, Fraser, and others by also
incorporating other RNA biogenesis steps beyond
transcription; (2) to provide a partially distinct mechanistic
framework; (3) and to outline the resulting predictions, to
be used to test the overall hypothesis.

A Unifying Hypothesis for RNA Factories
and Trans-Interacting Domains
This hypothesis can be articulated in three central statements:

I. All key steps involved in RNA biogenesis have the potential
to contribute to inter-chromosomal genome architecture
by leading to the formation of specialized RNA factories.

II. RNA factories are sites where co-regulated nucleic acids,
DNA and/or RNA, are found in close proximity to each
other and to highly concentrated clusters of the factors
that are key to their regulation.

III. Engagements of nucleic acids with an RNA factory increase

the fidelity and efficiency of their regulation.

Despite the evidence presented in the previous sections focused
on mRNA biogenesis, the hypothesis described here may
be generalizable also to other types of non-coding RNAs (such
as rRNA in the nucleolus) since some of the underlying mechanisms
(described in the next subsection) likely translate to the specific
regulations involved in the biogenesis of various classes of RNAs.
Moreover, while this hypothesis is articulated specifically for
inter-chromosomal regulations, it likely also extends for intra-
chromosomal ones. Indeed, there is abundant evidence that cis
genome architecture involves clustering of co-regulated genes
(Schoenfelder et al., 2010; de Wit et al., 2013; Delaneau et al., 2019).

With regards to the first statement, relevant RNA biogenesis
steps include the regulation of transcription, as exemplified
by the existence of specific regulatory inter-chromosomal
interactions (sections “Trans-Acting Regulatory Regions” and
“Polycomb Domains”) and of “zip coded” transcription factories
(section “Transcription Factories”), but are not limited to this.
Further regulation can be achieved by pre-mRNA processing
steps in both specialized nuclear speckles (section “Nuclear
Speckles”) and tissue-specific splicing factories (section “Splicing
Factories”). Moreover, I anticipate that future studies will reveal
how other aspects of RNA biogenesis, such as RNA post-
transcriptional modifications, are similarly involved in regulating
inter-chromosomal architecture.

With reference to the second statement, relevant regulatory
factors include transcription factors (many examples; section
“Transcription Factories”), chromatin modifiers (i.e., PRC2),
genome organizers (i.e., CTCF), the transcriptional machinery
(i.e., Pol II and its cofactors), splicing regulators (i.e., RBM20),
and other protein factors involved in various steps of RNA
biogenesis. RNA species with a structural and/or enzymatic

role are also likely involved, though this will need to
be determined by further studies.

While the term “RNA factory” describes the overall
subnuclear structure, I propose that the genomic loci involved
could be referred to as a “trans-interacting (chromatin)
domain” (TID). This acronym purposely reminisces TAD in
order to stress the conceptual similarity between these structural
features of the genome. Similarly to TADs, TIDs are statistical
constructs that can be observed only at a population level
(Rowley and Corces, 2018; Beagan and Phillips-Cremins,
2020). In individual cells, interactions between loci within
a given TAD or TID are necessarily limited by steric hindrance
and are transient. Thus, both of these terms do not aim to
define a stable structure, yet they describe a set of loci that
are more likely to interact with each other than with different
loci outside of the domain but within the same genomic
context. Such definition is applied in cis for TADs, and in
trans for TIDs. Notably, however, TIDs and TADs may
partially intersect in that multiple cis-interacting loci within
a TAD may contribute to a TID by engaging in inter-
chromosomal interactions with the same set of trans loci.
On average, the interaction probability for loci within a TAD
is expected to be higher than that for loci within a TID,
as cis interactions are generally favored. Importantly, beyond
a certain genomic distance (10-50Mb, depending on the
cell cycle stage), the probability of intra- and inter-chromosomal
interactions becomes similar. Therefore, very long-range intra-
chromosomal interactions may be effectively considered
analogous to inter-chromosomal ones when computing and
studying TIDs.

Mechanisms Leading to the Formation of
RNA Factories
I propose a three-step process (Figure 4A):

I. Trans-acting regulatory factors bind onto core co-regulated
nucleic acids.

II. Regulatory factors from multiple nucleic acids aggregate
to form new clusters and/or enrich pre-existing ones.
III. Accessory nucleic acids are brought into proximity the

cluster until a dynamic equilibrium is reached.

Step one involves different factors for distinct classes of RNA
factories. For transcription factories, trans-acting regulators include
transcription factors, epigenetic remodelers, genome organizing
proteins, and Pol IT and its cofactors, which engage with DNA
either directly or through its associated histones. For splicing
factories, the key trans-acting factors, namely splicing regulators,
require prior initiation of transcription to generate the target RNA
molecules. In both cases, multiple binding sites are found on
either the same or multiple molecules (in the case of RNAs).
The model stipulates that one or few nucleic acids with the highest
density of binding sites function as “core” element(s), dictating
the local accumulation of the regulators.

Step two is the result of either active mechanisms (i.e., cytoskeletal
dynamics) and/or Brownian movements of nucleic acids extruding
from the core of chromosomal territories. Changes in the local
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chromatin environment may facilitate this process and increase
intermixing in the inter-chromosomal space. Stabilization of core
inter-chromosomal  interactions involve either high-affinity
interactions between factors that can form dimers and/or higher-
order multimers (ie, CTCF and many transcription factors), as
well as weaker interactions such as those involving low-complexity
regions characteristic of proteins that can undergo liquid-liquid
phase separation (Patel et al, 2015). In some cases, regulators
may join larger clusters that are pre-existing independently of
nucleic acids.

In step three, large and growing clusters of regulators stabilize
additional inter-chromosomal interactions with co-regulated
nucleic acids characterized by lower binding density for the
regulators. These “accessory” DNA or RNA molecules are those
that most strongly benefit from interfacing with the RNA
factory, which augments the efficiency of their regulation. As
the RNA factory grows in size, it eventually hits steric and
thermodynamic limitations that stabilize its further growth to
a state of dynamic equilibrium.

Throughout the process, regulators can be either general
and housekeeping, binding to nucleic acids with low degree
of specificity or no specificity at all (i.e., CTCF and Pol II),
or highly specific and responsive to cell states (ie., tissue-
specific transcription and splicing regulators). The resulting
RNA factory is more or less cell state-specific depending on
the relative balance of these two classes. “Zip coded” transcription
and/or splicing factories result from highly specific regulators
enriching for their target nucleic acids.

A Trans-acting factor
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FIGURE 4 | A Testable Model for the Formation of RNA Factories.

(A) Multiple copies of trans-acting regulatory factors bind onto core nucleic
acids, aggregate to form new clusters and/or enrich pre-existing ones, and
recruit accessory co-regulated nucleic acids. RNA factories promote the
efficacy and accuracy of RNA biogenesis processes (thicker black arrows).
(B-D) The model can be tested by depleting (B) or adding (C) core binding
sites for trans-acting regulatory factors, or by depleting the trans-acting
regulatory factors. Loss-of-function perturbations are expected to impair
inter-chromosomal interactions (B,D) and RNA biogenesis mechanisms (B),
while a gain-of-function experiment should have opposite effects (very thick
arrows, C).

Experimental Testing Strategies and
Predicted Outcomes

Besides descriptive investigations, at least three types of
perturbations can be used to test the model (Figures 4B-D):

I. Depletion of core nucleic acids.

II. Addition of clustered binding sites for
regulatory factors.

III. Depletion of trans-acting regulatory factors.

trans-acting

The first experiment involves reducing or completely preventing
the binding of trans-acting regulatory factor(s) to one or more
of the core co-regulated nucleic acids. For DNA loci, this can
be achieved by mutations or larger deletions. For RNAs, this
can be achieved by mutations of the originating genes to prevent
their transcription, or through epigenetic silencing. For both
DNA and RNA perturbations, an important control experiment
is to reduce the protein levels of the gene(s) of interest by a
similar magnitude as the test perturbation, but without affecting
the abundance of binding sites for the trans-acting regulatory
factors. This is key to exclude that any observed effect is not
simply due to impairment of intermediate protein-mediated
regulations. For instance, one can generate knockout and/or
hypomorph mutations that do not alter the DNA sequence in
the regions of interest and/or do not alter RNA levels. The
predicted outcomes of this perturbation are: (1) impaired clustering
of the trans-acting regulators; (2) impaired inter-chromosomal
interactions between loci in the TID; and (3) decreased efficiency
in the regulation for accessory nucleic acids (Figure 4B).

The second experiment has the opposite goal, namely to
increase the clustered binding of the frans-acting regulatory
factor(s). For instance, one can express transgenic copies of
a core nucleic acid or an artificial sequence containing arrayed
binding sites. In the former case, the transgene can be mutated
to prevent protein translation and bypass the need to control
for this aspect. An RNA can also be upregulated through
epigenetic mechanisms. The predicted outcomes of this
perturbation are opposite to those outlined above (Figure 4C).
Of note, this experiment can be also performed in combination
to the previous perturbation in order to rescue the function
of the RNA factory, so as to formally prove the sequence(s)
that are necessary and sufficient for its formation and activity.

The third experiment is a simple loss-of-function perturbation
for the trans-acting regulatory factor. In this context, the only
testable aspect of the model is the expectation that this
perturbation should reduce inter-chromosomal interactions for
loci involved in the TID (Figure 4D). Indeed, loss-of-function
of the regulatory factor is expected to reduce or abolish both
its clustering and the regulation of its target nucleic acids
independently of its function in an RNA factory.

TESTING THE HYPOTHESIS:
CHALLENGES AND IDEAS

To the best of my knowledge, only a handful of published
studies on RNA factories have performed functional experiments
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along the lines of those proposed in the previous subsection.
Examples include the aforementioned analyses of the TNFa-
responsive transcription factory (section “Transcription Factories™;
Fanucchi et al., 2013), and of the RBM20 splicing factory
(section “Splicing Factories”; Bertero et al., 2019a). While the
results of such investigations have been consistent with the
expectations outlined above, much more work will be needed
to thoroughly test the model proposed in the previous section
and to identify its limitation. Moreover, the pervasiveness of
this mechanism in the regulation of gene expression and inter-
chromosomal genome organization will have to be established.
Here I outline some of the key challenges towards meeting
these two goals, and I propose some potential solutions.

Identification of RNA Factories

Perhaps the most important roadblock in the field is the
difficulty in predicting which inter-chromosomal interactions
are functionally related to specific regulations of RNA biogenesis
and not just background noise. Overcoming this issue will
likely require refinements in both the experimental and
analytical pipelines.

Methodological Consideration

From a methodological perspective, it is now clear that
in-solution Hi-C is too noisy and therefore inadequate to
probe for inter-chromosomal interactions (Nagano et al., 2015).
Alternatives that rely on in-nucleus or substrate-tethered
proximity ligation are therefore preferable (Kalhor et al., 2012;
Nagano et al, 2015; Dai et al., 2016). An open limitation
remains the lack of approaches that specifically detect trans
chromatin interactions: since these can account for as low
as 10% of the total ligation fragments and are spread over
a large 2D genomic space, the costs to achieve a reasonable
sequencing depth can be prohibitive. This is an even larger
concern for single-cell Hi-C approaches, which result in data
that is sometimes so sparse that even the analysis of cis
interactions becomes a challenge (Nagano et al., 2013; Ramani
et al, 2017). The development of strategies to enrich for
inter-chromosomal proximity ligation fragments, for instance
using capture probe sets for different chromosomes, may be a
worthy pursuit. Along these same lines, it may be valuable
to enrich for chromatin regions interacting with specific factors
thought to be implicated in RNA factories, for instance using
chromatin interaction analysis by paired-end tag sequencing
(ChIA-PET; Fullwood et al., 2009) or proximity ligation-assisted
ChIP-seq (PLAC-seq; Fang et al,, 2016). Importantly, direct
probing of nuclear RNA-RNA interactions in the context of
RNA factories may be an important complementary approach,
which may be enabled by recent methodological advances
(reviewed in Kudla et al., 2020).

Another important technical consideration is the inability
of Hi-C to reliably detect inter-chromosomal architecture
when loci are not in very close and stable proximity, such
as it may be the case for many RNA factories. Alternative
ligation-free methods such as SPRITE, GAM, and TSA-seq
have begun to elucidate inter-chromosomal architecture at

varying spatial resolution (Beagrie et al., 2017; Chen et al., 2018;
Quinodoz et al., 2018). Extension of these and similar
approaches to also detect nuclear RNA-RNA interactions
will be an important achievement. The application of emerging
imaging approaches that allow simultaneous and/or sequential
labeling of tens of loci will be key to validating the existence
of RNA factories (Bintu et al., 2018; Mateo et al., 2019).
Moreover, the recent development of high-throughput DNA
FISH approaches gives hope that such methods may soon
allow the necessary scalability required for discovery-type
studies (Shachar et al., 2015; Finn et al., 2019).

Analytical Considerations

The identification of significant inter-chromosomal
interactions must rely on statistical approaches that are
specifically designed for this task. Indeed, approaches originally
devised for the analysis of cis interactions control for biases
that are not necessarily applicable to trans ones (for instance
by correcting for the linear genomic distance between the
interacting loci). Unfortunately, most of the analytical tools
for 3C-type data developed so far have focused only on
intra-chromosomal interactions (reviewed in Lin et al., 2019).
The most recent implementation of FitHiC is one of the
few publicly available tools that allows the user to interrogate
bulk Hi-C data for both cis and trans interactions (Ay et al.,
2014; Kaul et al., 2020). This approach makes minimal
assumptions about genome size or structure, and generates
an empirical null model to estimate the significance of
interactions. While robust and flexible, this strategy does
not account for known biases of trans interactions in
mammalian systems, such as their enrichment for loci in
the A compartment and their different distribution across
small and large chromosomes. A similar limitation applies
to existing network-based strategies to study inter-
chromosomal interactions both from bulk Hi-C (Kaufmann
et al, 2015) and single-cell Hi-C data (Bulathsinghalage
and Liu, 2020). Statistical frameworks that explicitly model
chromosome territorialization and chromatin  (sub)
compartmentalization may lead to more streamlined
identification of inter-chromosomal interactions arising from
metastable RNA factories, which are expected to “stand out”
from other trans interactions resulting from the random
intermixing of neighboring chromatin domains.

Another promising venue is the modeling and study of
3D genome structure populations, which as discussed in
the section “Nuclear Subcompartments” has already provided
important insights in inter-chromosomal genome architecture
(Kalhor et al.,, 2012; Dai et al., 2016). Nevertheless, these
models are currently limited in their spatial resolution due
to the computational complexity involved in finely modeling
large mammalian genomes. Besides presenting its own
important statistical challenges, analysis of imaging-based
chromatin structure data is also currently not easily integrated
with sequencing-based data modalities. This remains is one
of the most important areas for further analytical development
in the wider 3D chromatin organization field.
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Identification of Trans-Acting Regulators
in RNA Factories

A second key challenge towards clarifying the role of RNA
factories is the identification of the trans-acting factors that
contribute to their formation and/or function. For transcription
factories, the enrichment of DNA binding motifs within
the regulatory regions proximal to the involved loci may
provide testable hypotheses as to the transcriptional regulators
involved. RNA binding motifs enrichment on pre-mRNAs
may similarly help in the context of RNA splicing factories.
Further evidence could be gathered by integration of data
modalities directly probing for DNA and/or RNA binding
of candidate factors. However, these analyses are limited by
the availability of well-annotated binding motifs and/or of
experimentally determined binding profiles for the cell state
of interest.

Robust methods to unbiasedly identify factors that interact
with specific nucleic acids are direly needed. Biochemical
purification approaches relying on direct capture of nucleic
acids have been developed, but so far showed limited sensitivity
and specificity (reviewed in Machyna and Simon, 2018). A
potential alternative is the application of in situ proximity
labeling, for instance by relying on promiscuous biotinylating
enzymes to covalently tag nearby proteins for subsequent
streptavidin-based purification and identification through mass
spectrometry. These methods have been successfully used to
determine protein-protein interactions, and their implementation
to study locus-specific regulations are also emerging (reviewed
in Ummethum and Hamperl, 2020).

Testing the Function of RNA Factories

Last but not least, the functional characterization of RNA
factories is key to determining their physiological relevance.
As elaborated in the section “Experimental Testing Strategies
and Predicted Outcomes”, mechanistic studies may involve
various means of perturbing RNA factories through loss-
and/or gain-of-function. While these studies do not pose
unsurmountable challenges due to recent advancements in
genome editing technologies, they remain time-consuming.
Characterization of putative RNA factories may be performed
with more throughput by leveraging on functional screening
strategies based on the combination of CRISPR/Cas9
perturbations and transcriptional phenotyping through single-
cell RNA-sequencing (reviewed in Yao and Dai, 2018).

CONCLUSION

In summary, emerging evidence suggests a functional
bidirectional link between the regulation of RNA biogenesis
and inter-chromosomal 3D genome architecture. In other words,
the formation of RNA factories organized around TIDs may
be not just an emergent property of gene regulation, but also
a feature needed to maximize the fidelity and efficiency of
such regulations. This is a testable hypothesis based on a clear
mechanistic model: the clustered binding of trans-acting

regulators onto core nucleic acid targets, leading to their
aggregation and to the subsequent recruitment of accessory
co-regulated nucleic acids. Future studies will prove, disprove,
or modify this model. It will also be key to test the pervasiveness
of such regulation to determine whether it involves only a
few specific nucleic acids or it is a general property controlling
many loci.

Many key open questions remain in this area. First off,
what is the biochemical and/or biophysical mechanism that
explains the co-localization of certain nucleic acids from different
chromosomes? Besides transcription factors (Dai et al., 2016,
2018), several DNA binding proteins may be involved, including
CTCF (Ling et al., 2006; Botta et al, 2010), Condensin II
(Rowley et al.,, 2019), ARIDIA (Wu et al, 2019), and the Pol
II machinery (Nagashima et al., 2019). Regulatory RNAs may
also play a key role. Such factors may form higher-order clusters
via a combination of specific and non-specific interactions,
possibly leading to liquid-liquid phase separation (reviewed in
Banani et al., 2017; Langdon and Gladfelter, 2018). Clustering
may happen after progressive concentration onto specific nucleic
acids with high avidity for the factors. Alternatively, pre-existing
clusters may “trap” target nucleic acids as they come into
contact through Brownian motions. Active repositioning of
loci through the nuclear cytoskeleton may be also involved
(Hu et al, 2008). Likely, multiple mechanisms contribute to
different extents in various cases.

Is dysfunction of RNA factories and/or TIDs involved in
the pathogenesis of human disease? Cancer has been linked
to alteration of chromosome territories (Barutcu et al.,, 2015)
and of specific inter-chromosomal interactions (Patel et al.,
2014; Du et al, 2015). Disruption of inter-chromosomal
chromatin interactions has been observed in a human model
of 15q duplication syndrome, an aneuploidy linked to 1-3%
of autism cases (Meguro-Horike et al., 2011). Viral genomes
can also engage in specific inter-chromosomal associations, as
shown for Epstein-Barr Virus (EBV; Moquin et al.,, 2017) and
Kaposi’s Sarcoma-Associated Herpesvirus (KSHV; Kang et al.,
2011). Whether any of these or other diseases involve the
dysregulation of RNA biogenesis factories remains to be tested.
Notably, disruption of RBM20 splicing factories may play a
key role in the pathogenesis of DCM (Schneider et al., 2020),
though whether RBM20 mutations disrupt 3D chromatin
organization is unclear.

Moving beyond RNA biogenesis, is proximity between
co-regulated nucleic acids a general phenomenon in biology?
It is tempting to speculate that other key biochemical reactions
such as DNA repair and replication may also benefit from
the increased efficiency and fidelity led by local accumulation
of relevant regulators. Overall, increasing our spatial awareness
of nuclear regulations may prove a worthy and impactful pursuit.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can
be directed to the corresponding author.

Frontiers in Genetics | www.frontiersin.org

March 2021 | Volume 12 | Article 645863


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Bertero

RNA Biogenesis and Trans Nuclear Regulations

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work
and has approved it for publication.

FUNDING

This work was supported by an Innovation Pilot Award
from the Institute for Stem Cell and Regenerative Medicine
of the University of Washington, and by an administrative

REFERENCES

Abboud, N., Morris, T. M., Hiriart, E., Yang, H., Bezerra, H., Gualazzi, M. -G.,
et al. (2015). A cohesin-OCT4 complex mediates sox enhancers to prime
an early embryonic lineage. Nat. Commun. 6:6749. doi: 10.1038/
ncomms7749

Aguet, E, Barbeira, A. N., Bonazzola, R., Jo, B., Kasela, S., Liang, Y., et al.
(2020). The GTEx consortium atlas of genetic regulatory effects across human
tissues the genotype tissue expression consortium. Science 369, 1318-1330.
doi: 10.1101/787903

Akerberg, B. N., and Pu, W. T. (2019). Genetic and epigenetic control of heart
development. Cold Spring Harb. Perspect. Biol. 12:a036756. doi: 10.1101/
cshperspect.a036756

Apostolou, E., and Thanos, D. (2008). Virus infection induces NF-kB-dependent
interchromosomal associations mediating monoallelic IFN-f gene expression.
Cell 134, 85-96. doi: 10.1016/j.cell.2008.05.052

Ay, E, Bailey, T. L., and Noble, W. S. (2014). Statistical confidence estimation
for Hi-C data reveals regulatory chromatin contacts. Genome Res. 24,
999-1011. doi: 10.1101/gr.160374.113

Banani, S. E, Lee, H. O., Hyman, A. A, and Rosen, M. K. (2017). Biomolecular
condensates: organizers of cellular biochemistry. Nat. Rev. Mol. Cell Biol.
18, 285-298. doi: 10.1038/nrm.2017.7

Barbieri, 1., Tzelepis, K., Pandolfini, L., Shi, J., Millin-Zambrano, G., Robson, S. C.,
et al. (2017). Promoter-bound METTL3 maintains myeloid leukaemia by
m6A-dependent translation control. Nature 552, 126-131. doi: 10.1038/
nature24678

Barbosa-Morais, N. L., Carmo-Fonseca, M., and Aparicio, S. (2006). Systematic
genome-wide annotation of spliceosomal proteins reveals differential gene
family expansion. Genome Res. 16, 66-77. doi: 10.1101/gr.3936206

Bartosovic, M., Molares, H. C., Gregorova, P, Hrossova, D., Kudla, G., and
Vanacova, S. (2017). N6-methyladenosine demethylase FTO targets pre-
mRNAs and regulates alternative splicing and 3'-end processing. Nucleic
Acids Res. 45, 11356-11370. doi: 10.1093/nar/gkx778

Barutcu, A. R, Lajoie, B. R., McCord, R. P, Tye, C. E., Hong, D., Messier, T. L.,
et al. (2015). Chromatin interaction analysis reveals changes in small
chromosome and telomere clustering between epithelial and breast cancer
cells. Genome Biol. 16:214. doi: 10.1186/s13059-015-0768-0

Battle, A., and Montgomery, S. B. (2014). Determining causality and consequence
of expression quantitative trait loci. Hum. Genet. 133, 727-735. doi: 10.1007/
500439-014-1446-0

Beagan, J. A., and Phillips-Cremins, J. E. (2020). On the existence and functionality
of topologically associating domains. Nat. Genet. 52, 8-16. doi: 10.1038/
$41588-019-0561-1

Beagrie, R. A., Scialdone, A., Schueler, M., Kraemer, D. C. A., Chotalia, M.,
Xie, S. Q. et al. (2017). Complex multi-enhancer contacts captured by
genome architecture mapping. Nature 543, 519-524. doi: 10.1038/
nature21411

Bersaglieri, C., and Santoro, R. (2019). Genome organization in and around
the nucleolus. Cell 8:579. doi: 10.3390/cells8060579

Bertero, A., Brown, S., Madrigal, P, Osnato, A., Ortmann, D., Yiangou, L.,
et al. (2018). The SMAD2/3 interactome reveals that TGFp controls m6A
mRNA methylation in pluripotency. Nature 555, 256-259. doi: 10.1038/
nature25784

supplement from the National Institute of Diabetes and
Digestive and Kidney Diseases of the National Institutes of
Health (U54DK107979-05S1).

ACKNOWLEDGMENTS

The author thanks Dr. Charles E. Murry and the past and
current members of his laboratory for the stimulating discussions
in this area, particularly Dr. Aidan Fenix for providing critical
feedback on the manuscript.

Bertero, A., Fields, P. A,, Ramani, V., Bonora, G., Yardimci, G. G., Reinecke, H.,
et al. (2019a). Dynamics of genome reorganization during human cardiogenesis
reveal an RBM20-dependent splicing factory. Nat. Commun. 10:1538. doi:
10.1038/541467-019-09483-5

Bertero, A., Fields, P. A., Smith, A. S., Leonard, A., Beussman, K., Sniadecki, N. J.,
et al. (2019b). Chromatin compartment dynamics in a haploinsufficient
model of cardiac laminopathy. J. Cell Biol. 218, 2919-2944. doi: 10.1101/555250

Bertero, A., and Rosa-Garrido, M. (2020). Three-dimensional chromatin
organization in cardiac development and disease. J. Mol. Cell. Cardiol. 151,
89-105. doi: 10.1016/j.yjmcc.2020.11.008

Biggin, M. D. (2011). Animal transcription networks as highly connected,
quantitative continua. Dev. Cell 21, 611-626. doi: 10.1016/j.devcel.2011.09.008

Bintu, B., Mateo, L. ], Su, J. H., Sinnott-Armstrong, N. A., Parker, M., Kinrot, S.,
et al. (2018). Super-resolution chromatin tracing reveals domains and
cooperative interactions in single cells. Science 362:eaaul783. doi: 10.1126/
science.aaul783

Boccaletto, P, Machnicka, M. A., Purta, E., Piatkowski, P, Baginski, B., Wirecki, T. K.,
et al. (2018). MODOMICS: a database of RNA modification pathways. 2017
update. Nucleic Acids Res. 46, D303-D307. doi: 10.1093/nar/gkx1030

Bolzer, A., Kreth, G., Solovei, I, Koehler, D., Saracoglu, K., Fauth, C., et al.
(2005). Three-dimensional maps of all chromosomes in human male fibroblast
nuclei and prometaphase rosettes. PLoS Biol. 3:e157. doi: 10.1371/journal.
pbio.0030157

Botta, M., Haider, S., Leung, I. X. Y., Lio, P, and Mozziconacci, J. (2010).
Intra-and inter-chromosomal interactions correlate with CTCF binding genome
wide. Mol. Syst. Biol. 6:426. doi: 10.1038/msb.2010.79

Boyle, S., Gilchrist, S., Bridger, J. M., Mahy, N. L., Ellis, . A., and Bickmore, W. A.
(2001). The spatial organization of human chromosomes within the nuclei
of normal and emerin-mutant cells. Hum. Mol. Genet. 10, 211-219. doi:
10.1093/hmg/10.3.211

Branco, M. R., and Pombo, A. (2006). Intermingling of chromosome territories
in interphase suggests role in translocations and transcription-dependent
associations. PLoS Biol. 4, 780-788. doi: 10.1371/journal.pbio.0040138

Brauch, K. M., Karst, M. L., Herron, K. J., de Andrade, M., Pellikka, P. A.,
Rodeheffer, R. J., et al. (2009). Mutations in ribonucleic acid binding protein
gene cause familial dilated cardiomyopathy. J. Am. Coll. Cardiol. 54, 930-941.
doi: 10.1016/j.jacc.2009.05.038

Brown, J. M., Green, J., Neves, R., Das, P, Wallace, H. A. C., Smith, A. J. H.,
et al. (2008). Association between active genes occurs at nuclear speckles
and is modulated by chromatin environment. J. Cell Biol. 182, 1083-1097.
doi: 10.1083/jcb.200803174

Brown, J. M., Leach, J., Reittie, J. E., Atzberger, A., Lee-Prudhoe, J.,
Wood, W. G., et al. (2006). Coregulated human globin genes are frequently
in spatial proximity when active. J. Cell Biol. 172, 177-187. doi: 10.1083/
jcb.200507073

Bulathsinghalage, C., and Liu, L. (2020). Network-based method for regions
with statistically frequent interchromosomal interactions at single-cell
resolution. BMC Bioinformatics 21, 1-15. doi: 10.1186/512859-020-03689-x

Chang, C. -P, and Bruneau, B. G. (2012). Epigenetics and cardiovascular
development. Annu. Rev. Physiol. 74, 41-68. doi: 10.1146/annurev-
physiol-020911-153242

Chapski, D. J., Rosa-Garrido, M., Hua, N., Alber, F, and Vondriska, T. M.
(2019). Spatial principles of chromatin architecture associated with organ-

Frontiers in Genetics | www.frontiersin.org

March 2021 | Volume 12 | Article 645863


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1038/ncomms7749
https://doi.org/10.1038/ncomms7749
https://doi.org/10.1101/787903
https://doi.org/10.1101/cshperspect.a036756
https://doi.org/10.1101/cshperspect.a036756
https://doi.org/10.1016/j.cell.2008.05.052
https://doi.org/10.1101/gr.160374.113
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1038/nature24678
https://doi.org/10.1038/nature24678
https://doi.org/10.1101/gr.3936206
https://doi.org/10.1093/nar/gkx778
https://doi.org/10.1186/s13059-015-0768-0
https://doi.org/10.1007/s00439-014-1446-0
https://doi.org/10.1007/s00439-014-1446-0
https://doi.org/10.1038/s41588-019-0561-1
https://doi.org/10.1038/s41588-019-0561-1
https://doi.org/10.1038/nature21411
https://doi.org/10.1038/nature21411
https://doi.org/10.3390/cells8060579
https://doi.org/10.1038/nature25784
https://doi.org/10.1038/nature25784
https://doi.org/10.1038/s41467-019-09483-5
https://doi.org/10.1101/555250
https://doi.org/10.1016/j.yjmcc.2020.11.008
https://doi.org/10.1016/j.devcel.2011.09.008
https://doi.org/10.1126/science.aau1783
https://doi.org/10.1126/science.aau1783
https://doi.org/10.1093/nar/gkx1030
https://doi.org/10.1371/journal.pbio.0030157
https://doi.org/10.1371/journal.pbio.0030157
https://doi.org/10.1038/msb.2010.79
https://doi.org/10.1093/hmg/10.3.211
https://doi.org/10.1371/journal.pbio.0040138
https://doi.org/10.1016/j.jacc.2009.05.038
https://doi.org/10.1083/jcb.200803174
https://doi.org/10.1083/jcb.200507073
https://doi.org/10.1083/jcb.200507073
https://doi.org/10.1186/s12859-020-03689-x
https://doi.org/10.1146/annurev-physiol-020911-153242
https://doi.org/10.1146/annurev-physiol-020911-153242

Bertero

RNA Biogenesis and Trans Nuclear Regulations

specific gene regulation. Front. Cardiovasc. Med. 5:186. doi: 10.3389/
fcvm.2018.00186

Chen, Y., Zhang, Y., Wang, Y., Zhang, L., Brinkman, E. K., Adam, S. A,, et al.
(2018). Mapping 3D genome organization relative to nuclear compartments
using TSA-Seq as a cytological ruler. J. Cell Biol. 217, 4025-4048. doi:
10.1083/jcb.201807108

Concia, L., Veluchamy, A., Ramirez-Prado, J. S., Martin-Ramirez, A., Huang, Y.,
Perez, M., et al. (2020). Wheat chromatin architecture is organized in genome
territories and transcription factories. Genome Biol. 21:104. doi: 10.1186/
513059-020-01998-1

Cook, P. R. (1995). A chromomeric model for nuclear and chromosome structure.
J. Cell Sci. 108, 2927-2935.

Cook, P. R. (1997). The transcriptional basis of chromosome pairing. J. Cell
Sci. 110, 1033-1040.

Cook, P. R. (2010). A model for all genomes: the role of transcription factories.
J. Mol. Biol. 395, 1-10. doi: 10.1016/j.jmb.2009.10.031

Cremer, T., and Cremer, M. (2010). Chromosome territories. Cold Spring Harb.
Perspect. Biol. 2:a003889. doi: 10.1101/cshperspect.a003889

Cremer, T., Cremer, C., Baumann, H., Luedtke, E. K., Sperling, K., Teuber, V.,
et al. (1982). Rabl's model of the interphase chromosome arrangement tested
in Chinise hamster cells by premature chromosome condensation and laser-
UV-microbeam experiments. Hurm. Genet. 60, 46-56. doi: 10.1007/BF00281263

Cremer, M., Hase, J.von, Volm, T., Brero, A., Kreth, G., Walter, J., et al.
(2001). Non-random radial higher-order chromatin arrangements in nuclei
of diploid human cells. Chromosom. Res. 9, 541-567. doi: 10.1023/A:10
12495201697

Croft, J. A., Bridger, J. M., Boyle, S., Perry, P, Teague, P, and Bickmore, W. A.
(1999). Differences in the localization and morphology of chromosomes in
the human nucleus. J. Cell Biol. 145, 1119-1131. doi: 10.1083/jcb.145.6.1119

Dai, Y, Li, C, Pei, G., Dong, X., Ding, G., Zhao, Z., et al. (2018). Multiple
transcription factors contribute to inter-chromosomal interaction in yeast.
BMC Syst. Biol. 12:140. doi: 10.1186/s12918-018-0643-1

Dai, C., Li, W, Tjong, H., Hao, S., Zhou, Y., Li, Q., et al. (2016). Mining 3D
genome structure populations identifies major factors governing the stability
of regulatory communities. Nat. Commun. 7:11549. doi: 10.1038/ncomms11549

de Wit, E., Bouwman, B. A. M., Zhu, Y, Klous, P, Splinter, E., Verstegen, M. J. A. M.,
et al. (2013). The pluripotent genome in three dimensions is shaped around
pluripotency factors. Nature 501, 227-231. doi: 10.1038/nature12420

Dekker, J., and Mirny, L. (2016). The 3D genome as moderator of chromosomal
communication. Cell 164, 1110-1121. doi: 10.1016/j.cell.2016.02.007

Delaneau, O., Zazhytska, M., Borel, C., Giannuzzi, G., Rey, G., Howald, C,,
et al. (2019). Chromatin three-dimensional interactions mediate genetic
effects on gene expression. Science 364:eaat8266. doi: 10.1126/science.
2at8266

Ding, D. -Q., Okamasa, K., Katou, Y., Oya, E., Nakayama, J. -I., Chikashige, Y.,
et al. (2019). Chromosome-associated RNA-protein complexes promote pairing
of homologous chromosomes during meiosis in Schizosaccharomyces pombe.
Nat. Commun. 10:5598. doi: 10.1038/s41467-019-13609-0

Dixon, J. R., Selvaraj, S., Yue, E, Kim, A,, Li, Y, Shen, Y., et al. (2012).
Topological domains in mammalian genomes identified by analysis of
chromatin interactions. Nature 485, 376-380. doi: 10.1038/nature11082

Dominissini, D., Moshitch-Moshkovitz, S., Schwartz, S., Salmon-Divon, M.,
Ungar, L., Osenberg, S., et al. (2012). Topology of the human and mouse
m6A RNA methylomes revealed by m6A-seq. Nature 485, 201-206. doi:
10.1038/naturel1112

Dong, Q., Li, N,, Li, X,, Yuan, Z., Xie, D., Wang, X,, et al. (2018). Genome-
wide Hi-C analysis reveals extensive hierarchical chromatin interactions in
rice. Plant J. 94, 1141-1156. doi: 10.1111/tpj.13925

Du, M, Yuan, T, Schilter, K. E, Dittmar, R. L., Mackinnon, A., Huang, X,
et al. (2015). Prostate cancer risk locus at 8q24 as a regulatory hub by
physical interactions with multiple genomic loci across the genome. Hum.
Mol. Genet. 24, 154-166. doi: 10.1093/hmg/ddu426

Duan, Z., Andronescu, M., Schutz, K., Mcllwain, S. Y., Kim, Y. J., Lee, C.,
et al. (2010). A three-dimensional model of the yeast genome. Nature 465,
363-367. doi: 10.1038/nature08973

Eicher, J. D., Landowski, C., Stackhouse, B., Sloan, A., Chen, W., Jensen, N.,
et al. (2015). GRASP v2.0: an update on the genome-wide repository of
associations between SNPs and phenotypes. Nucleic Acids Res. 43, D799-D804.
doi: 10.1093/nar/gku1202

Fairfax, B. P, Makino, S., Radhakrishnan, J., Plant, K., Leslie, S., Dilthey, A.,
et al. (2012). Genetics of gene expression in primary immune cells identifies
cell type-specific master regulators and roles of HLA alleles. Nat. Genet.
44, 502-510. doi: 10.1038/ng.2205

Fang, R, Yu, M,, Li, G., Chee, S., Liu, T., Schmitt, A. D,, et al. (2016). Mapping
of long-range chromatin interactions by proximity ligation-assisted ChIP-seq.
Cell Res. 26, 1345-1348. doi: 10.1038/cr.2016.137

Fanucchi, S., Shibayama, Y., Burd, S., Weinberg, M. S., and Mhlanga, M. M.
(2013). Chromosomal contact permits transcription between coregulated
genes. Cell 155, 606-620. doi: 10.1016/j.cell.2013.09.051

Fehrmann, R. S. N, Jansen, R. C., Veldink, J. H., Westra, H. J., Arends, D.,
Bonder, M. ], et al. (2011). Trans-eqtls reveal that independent genetic
variants associated with a complex phenotype converge on intermediate
genes, with a major role for the hla. PLoS Genet. 7:¢1002197. doi: 10.1371/
journal.pgen.1002197

Finn, E. H., Pegoraro, G., Brandio, H. B, Valton, A. L, Oomen, M. E,
Dekker, J., et al. (2019). Extensive heterogeneity and intrinsic variation in
spatial genome organization. Cell 176, 1502-1515.e10. doi: 10.1016/j.
cell.2019.01.020

Fujita, T., Kitaura, F, Yuno, M., Suzuki, Y., Sugano, S., and Fujii, H. (2017).
Locus-specific ChIP combined with NGS analysis reveals genomic regulatory
regions that physically interact with the Pax5 promoter in a chicken B cell
line. DNA Res. 24, 537-548. doi: 10.1093/dnares/dsx023

Fullwood, M. ], Liu, M. H., Pan, Y. E, Liu, J., Xu, H., Mohamed, Y. B., et al.
(2009). An oestrogen-receptor-a-bound human chromatin interactome. Nature
462, 58-64. doi: 10.1038/nature08497

Galganski, L., Urbanek, M. O., and Krzyzosiak, W. J. (2017). Nuclear speckles:
molecular organization, biological function and role in disease. Nucleic Acids
Res. 45, 10350-10368. doi: 10.1093/nar/gkx759

Gerlich, D., Beaudouin, J., Kalbfuss, B., Daigle, N, Eils, R., and Ellenberg, J.
(2003). Global chromosome positions are transmitted through mitosis
in mammalian cells. Cell 112, 751-764. doi: 10.1016/s0092-8674
(03)00189-2

Gilsbach, R., Schwaderer, M., Preissl, S., Griining, B. A., Kranzhofer, D,
Schneider, P, et al. (2018). Distinct epigenetic programs regulate cardiac
myocyte development and disease in the human heart in vivo. Nat. Commun.
9:391. doi: 10.1038/s41467-017-02762-z

Grieve, 1. C., Dickens, N. J., Pravenec, M., Kren, V., Hubner, N., Cook, S. A.,
et al. (2008). Genome-wide co-expression analysis in multiple tissues. PLoS
One 3:e4033. doi: 10.1371/journal.pone.0004033

Grundberg, E., Small, K. S., Hedman, A. K., Nica, A. C., Buil, A., Keildson, S.,
et al. (2012). Mapping cis-and trans-regulatory effects across multiple tissues
in twins. Nat. Genet. 44, 1084-1089. doi: 10.1038/ng.2394

Guo, W, Schafer, S., Greaser, M. L., Radke, M. H,, Liss, M., Govindarajan, T.,
et al. (2012). RBM20, a gene for hereditary cardiomyopathy, regulates titin
splicing. Nat. Med. 18, 766-773. doi: 10.1038/nm.2693

Haas, J., Frese, K. S., Peil, B., Kloos, W,, Keller, A., Nietsch, R., et al. (2015).
Atlas of the clinical genetics of human dilated cardiomyopathy. Eur. Heart
J. 36, 1123-1135. doi: 10.1093/eurheartj/ehu301

Harada, A., Mallappa, C., Okada, S., Butler, J. T., Baker, S. P, Lawrence, J. B,
et al. (2015). Spatial re-organization of myogenic regulatory sequences
temporally controls gene expression. Nucleic Acids Res. 43, 2008-2021. doi:
10.1093/nar/gkv046

Heinig, M., Petretto, E., Wallace, C., Bottolo, L., Rotival, M., Lu, H., et al.
(2010). A trans-acting locus regulates an anti-viral expression network and
type 1 diabetes risk. Nature 467, 460-464. doi: 10.1038/nature09386

Herman, D. S, Lam, L., Taylor, M. R. G, Wang, L. Teekakirikul, P,
Christodoulou, D., et al. (2012). Truncations of titin causing dilated
cardiomyopathy. N. Engl. J. Med. 366, 619-628. doi: 10.1056/NEJMoal110186

Hesse, M., Bednarz, R., Carls, E., Becker, C., Bondareva, O., Lother, A., et al.
(2021). Proximity to injury, but neither number of nuclei nor ploidy define
pathological adaptation and plasticity in cardiomyocytes. J. Mol. Cell. Cardiol.
152, 95-104. doi: 10.1016/j.yjmcc.2020.11.012

Homouz, D., and Kudlicki, A. S. (2013). The 3D organization of the yeast
genome correlates with co-expression and reflects functional relations between
genes. PLoS One 8:¢54699. doi: 10.1371/journal.pone.0054699

Hu, Q., Kwon, Y. S., Nunez, E., Cardamone, M. D., Hutt, K. R., Ohgi, K. A,,
et al. (2008). Enhancing nuclear receptor-induced transcription requires
nuclear motor and LSDI-dependent gene networking in interchromatin

Frontiers in Genetics | www.frontiersin.org

March 2021 | Volume 12 | Article 645863


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.3389/fcvm.2018.00186
https://doi.org/10.3389/fcvm.2018.00186
https://doi.org/10.1083/jcb.201807108
https://doi.org/10.1186/s13059-020-01998-1
https://doi.org/10.1186/s13059-020-01998-1
https://doi.org/10.1016/j.jmb.2009.10.031
https://doi.org/10.1101/cshperspect.a003889
https://doi.org/10.1007/BF00281263
https://doi.org/10.1023/A:1012495201697
https://doi.org/10.1023/A:1012495201697
https://doi.org/10.1083/jcb.145.6.1119
https://doi.org/10.1186/s12918-018-0643-1
https://doi.org/10.1038/ncomms11549
https://doi.org/10.1038/nature12420
https://doi.org/10.1016/j.cell.2016.02.007
https://doi.org/10.1126/science.aat8266
https://doi.org/10.1126/science.aat8266
https://doi.org/10.1038/s41467-019-13609-0
https://doi.org/10.1038/nature11082
https://doi.org/10.1038/nature11112
https://doi.org/10.1111/tpj.13925
https://doi.org/10.1093/hmg/ddu426
https://doi.org/10.1038/nature08973
https://doi.org/10.1093/nar/gku1202
https://doi.org/10.1038/ng.2205
https://doi.org/10.1038/cr.2016.137
https://doi.org/10.1016/j.cell.2013.09.051
https://doi.org/10.1371/journal.pgen.1002197
https://doi.org/10.1371/journal.pgen.1002197
https://doi.org/10.1016/j.cell.2019.01.020
https://doi.org/10.1016/j.cell.2019.01.020
https://doi.org/10.1093/dnares/dsx023
https://doi.org/10.1038/nature08497
https://doi.org/10.1093/nar/gkx759
https://doi.org/10.1016/s0092-8674(03)00189-2
https://doi.org/10.1016/s0092-8674(03)00189-2
https://doi.org/10.1038/s41467-017-02762-z
https://doi.org/10.1371/journal.pone.0004033
https://doi.org/10.1038/ng.2394
https://doi.org/10.1038/nm.2693
https://doi.org/10.1093/eurheartj/ehu301
https://doi.org/10.1093/nar/gkv046
https://doi.org/10.1038/nature09386
https://doi.org/10.1056/NEJMoa1110186
https://doi.org/10.1016/j.yjmcc.2020.11.012
https://doi.org/10.1371/journal.pone.0054699

Bertero

RNA Biogenesis and Trans Nuclear Regulations

granules. Proc. Natl. Acad. Sci. U. S. A. 105, 19199-19204. doi: 10.1073/
pnas.0810634105

Huang, H., Weng, H., Zhou, K., Wu, T., Zhao, B. S., Sun, M., et al.
(2019). Histone H3 trimethylation at lysine 36 guides m6A RNA
modification co-transcriptionally. Nature 567, 414-419. doi: 10.1038/
$41586-019-1016-7

Imholte, G. C., Scott-Boyer, M. P, Labbe, A., Deschepper, C. E, and Gottardo, R.
(2013). IBMQ: A R/Bioconductor package for integrated Bayesian modeling
of eQTL data. Bioinformatics 29, 2797-2798. doi: 10.1093/bioinformatics/
btt485

Innocenti, E, Cooper, G. M., Stanaway, I. B., Gamazon, E. R., Smith, J. D,
Mirkov, S., et al. (2011). Identification, replication, and functional fine-
mapping of expression quantitative trait loci in primary human liver tissue.
PLoS Genet. 7:¢1002078. doi: 10.1371/journal.pgen.1002078

Ito, K., Noguchi, A., Uosaki, Y., Taga, T., Arakawa, H., and Takizawaa, T.
(2018). Gfap and Osmr regulation by BRG1 and STAT3 via interchromosomal
gene clustering in astrocytes. Mol. Biol. Cell 29, 209-219. doi: 10.1091/mbc.
E17-05-0271

Ito, K., Sanosaka, T. Igarashi, K., Ideta-Otsuka, M., Aizawa, A., Uosaki, Y.,
et al. (2016). Identification of genes associated with the astrocyte-specific
gene Gfap during astrocyte differentiation. Sci. Rep. 6:23903. doi: 10.1038/
srep23903

Jabbari, K., and Bernardi, G. (2017). An isochore framework underlies chromatin
architecture. PLoS One 12:€0168023. doi: 10.1371/journal.pone.0168023

Jabbari, K., Chakraborty, M., and Wiehe, T. (2019). DNA sequence-dependent
chromatin architecture and nuclear hubs formation. Sci. Rep. 9:14646. doi:
10.1038/s41598-019-51036-9

Joehanes, R., Zhang, X., Huan, T., Yao, C., Ying, S. -X., Nguyen, Q. T., et al.
(2017). Integrated genome-wide analysis of expression quantitative trait loci
aids interpretation of genomic association studies. Genome Biol. 18:16. doi:
10.1186/513059-016-1142-6

Joshi, O., Wang, S. Y., Kuznetsova, T., Atlasi, Y., Peng, T., Fabre, P. ], et al.
(2015). Dynamic reorganization of extremely long-range promoter-promoter
interactions between two states of pluripotency. Cell Stem Cell 17, 748-757.
doi: 10.1016/j.stem.2015.11.010

Jurica, M. S., and Moore, M. J. (2003). Pre-mRNA splicing: awash in a sea
of proteins. Mol. Cell 12, 5-14. doi: 10.1016/S1097-2765(03)00270-3

Kalhor, R., Tjong, H., Jayathilaka, N., Alber, E, and Chen, L. (2012). Genome
architectures revealed by tethered chromosome conformation capture and
population-based modeling. Nat. Biotechnol. 30, 90-98. doi: 10.1038/nbt.2057

Kang, H., Wiedmer, A., Yuan, Y., Robertson, E., and Lieberman, P. M. (2011).
Coordination of KSHV latent and lytic gene control by CTCF-cohesin
mediated chromosome conformation. PLoS Pathog. 7:¢1002140. doi: 10.1371/
journal.ppat.1002140

Karbassi, E., Fenix, A., Marchiano, S., Muraoka, N., Nakamura, K., Yang, X,
et al. (2020). Cardiomyocyte maturation: advances in knowledge and
implications for regenerative medicine. Nat. Rev. Cardiol. 17, 341-359. doi:
10.1038/s41569-019-0331-x

Karbassi, E., Rosa-Garrido, M., Chapski, D. J., Wu, Y., Ren, S., Wang, Y., et al.
(2019). Direct visualization of cardiac transcription factories reveals regulatory
principles of nuclear architecture during pathological remodeling. J. Mol.
Cell. Cardiol. 128, 198-211. doi: 10.1016/j.yjmcc.2019.02.003

Kaufmann, S., Fuchs, C., Gonik, M., Khrameeva, E. E., Mironov, A. A., and
Frishman, D. E. (2015). Inter-chromosomal contact networks provide insights
into mammalian chromatin organization. PLoS One 10:e0126125. doi: 10.1371/
journal.pone.0126125

Kaul, A., Bhattacharyya, S., and Ay, E (2020). Identifying statistically significant
chromatin contacts from hi-C data with FitHiC2. Nat. Protoc. 15, 991-1012.
doi: 10.1038/s41596-019-0273-0

Kayvanpour, E., Sedaghat-Hamedani, F, Amr, A, Lai, A., Haas, J., Holzer, D. B,,
et al. (2017). Genotype-phenotype associations in dilated cardiomyopathy:
meta-analysis on more than 8000 individuals. Clin. Res. Cardiol. 106, 127-139.
doi: 10.1007/s00392-016-1033-6

Ke, S., Alemu, E. A., Mertens, C., Gantman, E. C,, Fak, J. ], Mele, A, et al.
(2015). A majority of m6A residues are in the last exons, allowing the
potential for 3' UTR regulation. Genes Dev. 29, 2037-2053. doi: 10.1101/
gad.269415.115

Ke, S., Pandya-Jones, A., Saito, Y., Fak, J. ], Vagbe, C. B., Geula, S., et al.
(2017a). m6A mRNA modifications are deposited in nascent pre-mRNA

and are not required for splicing but do specify cytoplasmic turnover. Genes
Dev. 31, 990-1006. doi: 10.1101/gad.301036.117

Ke, Y., Xu, Y., Chen, X,, Feng, S., Liu, Z., Sun, Y,, et al. (2017b). 3D chromatin
structures of mature gametes and structural reprogramming during mammalian
embryogenesis. Cell 170, 367-381.e20. doi: 10.1016/j.cell.2017.06.029

Kempfer, R., and Pombo, A. (2020). Methods for mapping 3D chromosome
architecture. Nat. Rev. Genet. 21, 207-226. doi: 10.1038/541576-019-0195-2

Kirkland, J. G., Raab, J. R,, and Kamakaka, R. T. (2013). TFIIIC bound DNA
elements in nuclear organization and insulation. Biochim. Biophys. Acta 1829,
418-424. doi: 10.1016/j.bbagrm.2012.09.006

Kirsten, H., Al-Hasani, H., Holdt, L., Gross, A., Beutner, E, Krohn, K., et al.
(2015). Dissecting the genetics of the human transcriptome identifies novel
trait-related trans-eQTLs and corroborates the regulatory relevance of non-
protein coding loci. Hum. Mol. Genet. 24, 4746-4763. doi: 10.1093/hmg/
ddv194

Krumm, A., and Duan, Z. (2018). Understanding the 3D genome: emerging
impacts on human disease. Semin. Cell Dev. Biol. 90, 62-77. doi: 10.1016/j.
semcdb.2018.07.004

Kruse, K., Sewitz, S., and Madan Babu, M. (2013). A complex network framework
for unbiased statistical analyses of DNA-DNA contact maps. Nucleic Acids
Res. 41, 701-710. doi: 10.1093/nar/gks1096

Kudla, G., Wan, Y., and Helwak, A. (2020). RNA conformation capture by
proximity ligation. Annu. Rev. Genomics Hum. Genet. 21, 81-100. doi: 10.1146/
annurev-genom-120219-073756

Lahbib-Mansais, Y., Barasc, H., Marti-Marimon, M., Mompart, E, Iannuccelli, E.,
Robelin, D., et al. (2016). Expressed alleles of imprinted IGF2, DLK1 and
MEGS3 colocalize in 3D-preserved nuclei of porcine fetal cells. BMC Cell
Biol. 17:35. doi: 10.1186/s12860-016-0113-9

Lambert, S. A., Jolma, A., Campitelli, L. E, Das, P. K, Yin, Y., Albu, M, et al.
(2018). The human transcription factors. Cell 172, 650-665. doi: 10.1016/j.
cell.2018.01.029

Langdon, E. M., and Gladfelter, A. S. (2018). A new lens for RNA localization:
liquid-liquid phase separation. Annu. Rev. Microbiol. 72, 255-271. doi: 10.1146/
annurev-micro-090817-062814

Li, G., Ruan, X,, Auerbach, R. K., Sandhu, K. S., Zheng, M., Wang, P, et al.
(2012). Extensive promoter-centered chromatin interactions provide a
topological basis for transcription regulation. Cell 148, 84-98. doi: 10.1016/j.
cell.2011.12.014

Liang, L., Morar, N., Dixon, A. L., Lathrop, G. M., Abecasis, G. R., Moffatt, M. E,
et al. (2013). A cross-platform analysis of 14,177 expression quantitative
trait loci derived from lymphoblastoid cell lines. Genome Res. 23, 716-726.
doi: 10.1101/gr.142521.112

Lieberman-Aiden, E., van Berkum, N. L., Williams, L., Imakaev, M., Ragoczy, T.,
Telling, A., et al. (2009). Comprehensive mapping of long-range interactions
reveals folding principles of the human genome. Science 326, 289-293. doi:
10.1126/science.1181369

Lin, D., Bonora, G., Yardimci, G. G., and Noble, W. S. (2019). Computational
methods for analyzing and modeling genome structure and organization.
Wiley Interdiscip. Rev. Syst. Biol. Med. 11:¢1435. doi: 10.1002/wsbm.1435

Ling, J. Q, Li, T, Hu, J. E, Vu, T. H., Chen, H. L., Qiu, X. W, et al. (2006).
CTCF mediates interchromosomal colocalization between Igf2/H19 and
WSsb1/Nfl. Science 312, 269-272. doi: 10.1126/science.1123191

Lomvardas, S., Barnea, G., Pisapia, D. J., Mendelsohn, M., Kirkland, J., and
Axel, R. (2006). Interchromosomal interactions and olfactory receptor choice.
Cell 126, 403-413. doi: 10.1016/j.cell.2006.06.035

Maatz, H., Jens, M., Liss, M., Schafer, S., Heinig, M., Kirchner, M., et al.
(2014). RNA-binding protein RBM20 represses splicing to orchestrate cardiac
pre-mRNA processing. J. Clin. Invest. 124, 3419-3430. doi: 10.1172/JCI74523

Machyna, M., and Simon, M. D. (2018). Catching RNAs on chromatin using
hybridization capture methods. Brief. Funct. Genomics 17, 96-103. doi:
10.1093/BFGP/ELX038

Mahy, N. L., Perry, P. E,, and Bickmore, W. A. (2002). Gene density and
transcription influence the localization of chromatin outside of chromosome
territories detectable by FISH. J. Cell Biol. 159, 753-763. doi: 10.1083/
jcb.200207115

Mao, Y. S., Zhang, B., and Spector, D. L. (2011). Biogenesis and function of
nuclear bodies. Trends Genet. 27, 295-306. doi: 10.1016/j.tig.2011.05.006

Marchiano, S., Bertero, A., and Murry, C. E. (2019). Learn from your elders:
developmental biology lessons to guide maturation of stem cell-derived

Frontiers in Genetics | www.frontiersin.org

17

March 2021 | Volume 12 | Article 645863


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1073/pnas.0810634105
https://doi.org/10.1073/pnas.0810634105
https://doi.org/10.1038/s41586-019-1016-7
https://doi.org/10.1038/s41586-019-1016-7
https://doi.org/10.1093/bioinformatics/btt485
https://doi.org/10.1093/bioinformatics/btt485
https://doi.org/10.1371/journal.pgen.1002078
https://doi.org/10.1091/mbc.E17-05-0271
https://doi.org/10.1091/mbc.E17-05-0271
https://doi.org/10.1038/srep23903
https://doi.org/10.1038/srep23903
https://doi.org/10.1371/journal.pone.0168023
https://doi.org/10.1038/s41598-019-51036-9
https://doi.org/10.1186/s13059-016-1142-6
https://doi.org/10.1016/j.stem.2015.11.010
https://doi.org/10.1016/S1097-2765(03)00270-3
https://doi.org/10.1038/nbt.2057
https://doi.org/10.1371/journal.ppat.1002140
https://doi.org/10.1371/journal.ppat.1002140
https://doi.org/10.1038/s41569-019-0331-x
https://doi.org/10.1016/j.yjmcc.2019.02.003
https://doi.org/10.1371/journal.pone.0126125
https://doi.org/10.1371/journal.pone.0126125
https://doi.org/10.1038/s41596-019-0273-0
https://doi.org/10.1007/s00392-016-1033-6
https://doi.org/10.1101/gad.269415.115
https://doi.org/10.1101/gad.269415.115
https://doi.org/10.1101/gad.301036.117
https://doi.org/10.1016/j.cell.2017.06.029
https://doi.org/10.1038/s41576-019-0195-2
https://doi.org/10.1016/j.bbagrm.2012.09.006
https://doi.org/10.1093/hmg/ddv194
https://doi.org/10.1093/hmg/ddv194
https://doi.org/10.1016/j.semcdb.2018.07.004
https://doi.org/10.1016/j.semcdb.2018.07.004
https://doi.org/10.1093/nar/gks1096
https://doi.org/10.1146/annurev-genom-120219-073756
https://doi.org/10.1146/annurev-genom-120219-073756
https://doi.org/10.1186/s12860-016-0113-9
https://doi.org/10.1016/j.cell.2018.01.029
https://doi.org/10.1016/j.cell.2018.01.029
https://doi.org/10.1146/annurev-micro-090817-062814
https://doi.org/10.1146/annurev-micro-090817-062814
https://doi.org/10.1016/j.cell.2011.12.014
https://doi.org/10.1016/j.cell.2011.12.014
https://doi.org/10.1101/gr.142521.112
https://doi.org/10.1126/science.1181369
https://doi.org/10.1002/wsbm.1435
https://doi.org/10.1126/science.1123191
https://doi.org/10.1016/j.cell.2006.06.035
https://doi.org/10.1172/JCI74523
https://doi.org/10.1093/BFGP/ELX038
https://doi.org/10.1083/jcb.200207115
https://doi.org/10.1083/jcb.200207115
https://doi.org/10.1016/j.tig.2011.05.006

Bertero

RNA Biogenesis and Trans Nuclear Regulations

cardiomyocytes. Pediatr. Cardiol. 40, 1367-1387. doi: 10.1007/500246-019-
02165-5

Markenscoff-Papadimitriou, E., Allen, W. E., Colquitt, B. M., Goh, T., Murphy, K. K.,
Monahan, K., et al. (2014). Enhancer interaction networks as a means for
singular olfactory receptor expression. Cell 159, 543-557. doi: 10.1016/j.
cell.2014.09.033

Mateo, L. J., Murphy, S. E., Hafner, A., Cinquini, I. S., Walker, C. A., and
Boettiger, A. N. (2019). Visualizing DNA folding and RNA in embryos at
single-cell resolution. Nature 568, 49-54. doi: 10.1038/s41586-019-1035-4

Matsushita, M., Ochiai, H., Suzuki, K. -I. T., Hayashi, S., Yamamoto, T., Awazu, A.,
et al. (2017). Dynamic changes in the interchromosomal interaction of early
histone gene loci during development of sea urchin. J. Cell Sci. 130, 4097-4107.
doi: 10.1242/jcs.206862

McKenzie, M., Henders, A. K., Caracella, A., Wray, N. R, and Powell, J. E.
(2014). Overlap of expression quantitative trait loci (eQTL) in human brain
and blood. BMC Med. Genet. 7:31. doi: 10.1186/1755-8794-7-31

Meguro-Horike, M., Yasui, D. H., Powell, W., Schroeder, D. I, Oshimura, M.,
LaSalle, J. M., et al. (2011). Neuron-specific impairment of inter-chromosomal
pairing and transcription in a novel model of human 15q-duplication
syndrome. Hum. Mol. Genet. 20, 3798-3810. doi: 10.1093/hmg/ddr298

Michaelson, J. J., Loguercio, S., and Beyer, A. (2009). Detection and interpretation
of expression quantitative trait loci (eQTL). Methods 48, 265-276. doi:
10.1016/j.ymeth.2009.03.004

Mitchell, J. A., and Fraser, P. (2008). Transcription factories are nuclear
subcompartments that remain in the absence of transcription. Genes Dev.
22, 20-25. doi: 10.1101/gad.454008

Monahan, K., Horta, A., and Lomvardas, S. (2019). LHX2- and LDB1-mediated
trans interactions regulate olfactory receptor choice. Nature 565, 448-453.
doi: 10.1038/s41586-018-0845-0

Monahan, K., Schieren, I, Cheung, J., Mumbey-Wafula, A., Monuki, E. S., and
Lomvardas, S. (2017). Cooperative interactions enable singular olfactory
receptor expression in mouse olfactory neurons. elife 6:¢28620. doi: 10.7554/
eLife.28620

Moquin, S. A., Thomas, S., Whalen, S., Warburton, A., Fernandez, S. G.,
McBride, A. A., et al. (2017). The Epstein-Barr virus episome maneuvers
between nuclear chromatin compartments during reactivation. J. Virol.
92;¢01413-17. doi: 10.1128/jvi.01413-17

Mummery, C. L., Zhang, J, Ng, E. S, Elliott, D. A., Elefanty, A. G., and
Kamp, T. J. (2012). Differentiation of human embryonic stem cells and
induced pluripotent stem cells to cardiomyocytes: a methods overview. Circ.
Res. 111, 344-358. doi: 10.1161/CIRCRESAHA.110.227512

Nagano, T., Lubling, Y., Stevens, T. J., Schoenfelder, S., Yaffe, E., Dean, W,
et al. (2013). Single-cell Hi-C reveals cell-to-cell variability in chromosome
structure. Nature 502, 59-64. doi: 10.1038/nature12593

Nagano, T., Varnai, C., Schoenfelder, S., Javierre, B. M., Wingett, S. W,
and Fraser, P. (2015). Comparison of Hi-C results using in-solution
versus in-nucleus ligation. Genome Biol. 16;175. doi: 10.1186/s13059-
015-0753-7

Nagashima, R., Hibino, K., Ashwin, S. S., Babokhov, M., Fujishiro, S., Imai, R.,
et al. (2019). Single nucleosome imaging reveals loose genome chromatin
networks via active RNA polymerase II. J. Cell Biol. 218, 1511-1530. doi:
10.1083/jcb.201811090

Nagele, R. G., Freeman, T., McMorrow, L., Thomson, Z., Kitson-Wind, K., and
Lee, H. Y. (1999). Chromosomes exhibit preferential positioning in nuclei
of quiescent human cells. J. Cell Sci. 112, 525-535.

Olivares-Chauvet, P, Mukamel, Z., Lifshitz, A., Schwartzman, O., Elkayam, N. O.,
Lubling, Y., et al. (2016). Capturing pairwise and multi-way chromosomal
conformations using chromosomal walks. Nature 540, 296-300. doi: 10.1038/
nature20158

Ong, C. T, and Corces, V. G. (2014). CTCEF: an architectural protein bridging
genome topology and function. Nat. Rev. Genet. 15, 234-246. doi: 10.1038/
nrg3663

Osborne, C. S., Chakalova, L., Brown, K. E., Carter, D., Horton, A., Debrand, E.,
et al. (2004). Active genes dynamically colocalize to shared sites of ongoing
transcription. Nat. Genet. 36, 1065-1071. doi: 10.1038/ng1423

Osborne, C. S., Chakalova, L., Mitchell, J. A., Horton, A.,, Wood, A. L.,
Bolland, D. J., et al. (2007). Myc dynamically and preferentially relocates
to a transcription factory occupied by Igh. PLoS Biol. 5:¢192. doi: 10.1371/
journal.pbio.0050192

Papantonis, A., Kohro, T., Baboo, S., Larkin, J. D., Deng, B., Short, P, et al.
(2012). TNFa signals through specialized factories where responsive coding
and miRNA genes are transcribed. EMBO J. 31, 4404-4414. doi: 10.1038/
emb0j.2012.288

Papantonis, A., Larkin, J. D., Wada, Y., Ohta, Y., Thara, S., Kodama, T, et al.
(2010). Active RNA polymerases: mobile or immobile molecular machines?
PLoS Biol. 8:¢1000419. doi: 10.1371/journal.pbio.1000419

Parada, L. A., McQueen, P. G., and Misteli, T. (2004). Tissue-specific spatial
organization of genomes. Genome Biol. 5:R44. doi: 10.1186/GB-2004-5-7-R44

Patel, B., Kang, Y., Cui, K,, Litt, M., Riberio, M. S. J., Deng, C., et al. (2014).
Aberrant TAL1 activation is mediated by an interchromosomal interaction
in human T-cell acute lymphoblastic leukemia. Leukemia 28, 349-361. doi:
10.1038/leu.2013.158

Patel, A., Lee, H. O., Jawerth, L., Maharana, S., Jahnel, M., Hein, M. Y,, et al.
(2015). A liquid-to-solid phase transition of the ALS protein FUS accelerated
by disease mutation. Cell 162, 1066-1077. doi: 10.1016/j.cell.2015.07.047

Pederson, T. (2011). The nucleolus. Cold Spring Harb. Perspect. Biol. 3:a000638.
doi: 10.1101/cshperspect.a000638

Perales, R., and Bentley, D. (2009). “Cotranscriptionality”: the transcription
elongation complex as a nexus for nuclear transactions. Mol. Cell 36, 178-191.
doi: 10.1016/j.molcel.2009.09.018

Pertea, M. (2012). The human transcriptome: an unfinished story. Genes 3,
344-360. doi: 10.3390/genes3030344

Pierce, B. L., Tong, L., Chen, L. S., Rahaman, R., Argos, M., Jasmine, E, et al.
(2014). Mediation analysis demonstrates that trans-eQTLs are often explained
by cis-mediation: a genome-wide analysis among 1,800 south Asians. PLoS
Genet. 10:e1004818. doi: 10.1371/journal.pgen.1004818

Pink, R. C., Eskiw, C. H., Caley, D. P, and Carter, D. R. E (2010). Analysis
of B-globin chromatin micro-environment using a novel 3C variant, 4Cv.
PL0S One 5:€13045. doi: 10.1371/journal.pone.0013045

Pombo, A., Jones, E., Iborra, E J., Kimura, H., Sugaya, K., Cook, P. R, et al.
(2000). Specialized transcription factories within mammalian nuclei. Crit.
Rev. Eukaryot. Gene Expr. 10, 21-29.

Protze, S. I, Lee, J. H., and Keller, G. M. (2019). Human pluripotent stem
cell-derived cardiovascular cells: from developmental biology to therapeutic
applications. Cell Stem Cell 25, 311-327. doi: 10.1016/j.stem.2019.07.010

Quinodoz, S. A., Ollikainen, N., Tabak, B., Palla, A., Schmidt, J. M., Detmar, E.,
et al. (2018). Higher-order inter-chromosomal hubs shape 3D genome
organization in the nucleus. Cell 174, 744-757.e24. doi: 10.1016/j.
cell.2018.05.024

Ramani, V., Cusanovich, D. A., Hause, R. ], Ma, W,, Qiu, R., Deng, X, et al.
(2016). Mapping 3D genome architecture through in situ DNase hi-C. Nat.
Protoc. 11, 2104-2121. doi: 10.1038/nprot.2016.126

Ramani, V., Deng, X., Qiu, R, Gunderson, K. L., Steemers, F. J., Disteche, C. M.,
et al. (2017). Massively multiplex single-cell Hi-C. Nat. Methods 14, 263-266.
doi: 10.1038/nmeth.4155

Rao, S. S. P, Huntley, M. H., Durand, N. C., Stamenova, E. K., Bochkov, I. D.,
Robinson, J. T, et al. (2014). A 3D map of the human genome at kilobase
resolution reveals principles of chromatin looping. Cell 159, 1665-1680.
doi: 10.1016/j.cell.2014.11.021

Refaat, M. M., Lubitz, S. A., Makino, S., Islam, Z., Frangiskakis, ]. M., Mehdi, H.,
et al. (2012). Genetic variation in the alternative splicing regulator RBM20
is associated with dilated cardiomyopathy. Hear. Rhythm 9, 390-396. doi:
10.1016/j.hrthm.2011.10.016

Roix, J. J., McQueen, P. G., Munson, P. J., Parada, L. A., and Misteli, T. (2003).
Spatial proximity of translocation-prone gene loci in human lymphomas.
Nat. Genet. 34, 287-291. doi: 10.1038/ngl1177

Rosa-Garrido, M., Chapski, D. J., Schmitt, A. D., Kimball, T. H., Karbassi, E.,
Monte, E., et al. (2017). High-resolution mapping of chromatin conformation
in cardiac myocytes reveals structural remodeling of the epigenome in heart
failure. Circulation 136, 1613-1625. doi: 10.1161/CIRCULATIONAHA.117.029430

Rowley, M. J., and Corces, V. G. (2018). Organizational principles of 3D genome
architecture. Nat. Rev. Genet. 19, 789-800. doi: 10.1038/541576-018-0060-8

Rowley, M. J., Lyu, X., Rana, V., Ando-Kuri, M., Karns, R., Bosco, G., et al.
(2019). Condensin II counteracts cohesin and RNA polymerase II in the
establishment of 3D chromatin organization. Cell Rep. 26, 2890-2903.e3.
doi: 10.1016/j.celrep.2019.01.116

Schneider, J. W,, Oommen, S., Qureshi, M. Y., Goetsch, S. C., Pease, D. R.,
Sundsbak, R. S., et al. (2020). Dysregulated ribonucleoprotein granules

Frontiers in Genetics | www.frontiersin.org

March 2021 | Volume 12 | Article 645863


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1007/s00246-019-02165-5
https://doi.org/10.1007/s00246-019-02165-5
https://doi.org/10.1016/j.cell.2014.09.033
https://doi.org/10.1016/j.cell.2014.09.033
https://doi.org/10.1038/s41586-019-1035-4
https://doi.org/10.1242/jcs.206862
https://doi.org/10.1186/1755-8794-7-31
https://doi.org/10.1093/hmg/ddr298
https://doi.org/10.1016/j.ymeth.2009.03.004
https://doi.org/10.1101/gad.454008
https://doi.org/10.1038/s41586-018-0845-0
https://doi.org/10.7554/eLife.28620
https://doi.org/10.7554/eLife.28620
https://doi.org/10.1128/jvi.01413-17
https://doi.org/10.1161/CIRCRESAHA.110.227512
https://doi.org/10.1038/nature12593
https://doi.org/10.1186/s13059-015-0753-7
https://doi.org/10.1186/s13059-015-0753-7
https://doi.org/10.1083/jcb.201811090
https://doi.org/10.1038/nature20158
https://doi.org/10.1038/nature20158
https://doi.org/10.1038/nrg3663
https://doi.org/10.1038/nrg3663
https://doi.org/10.1038/ng1423
https://doi.org/10.1371/journal.pbio.0050192
https://doi.org/10.1371/journal.pbio.0050192
https://doi.org/10.1038/emboj.2012.288
https://doi.org/10.1038/emboj.2012.288
https://doi.org/10.1371/journal.pbio.1000419
https://doi.org/10.1186/GB-2004-5-7-R44
https://doi.org/10.1038/leu.2013.158
https://doi.org/10.1016/j.cell.2015.07.047
https://doi.org/10.1101/cshperspect.a000638
https://doi.org/10.1016/j.molcel.2009.09.018
https://doi.org/10.3390/genes3030344
https://doi.org/10.1371/journal.pgen.1004818
https://doi.org/10.1371/journal.pone.0013045
https://doi.org/10.1016/j.stem.2019.07.010
https://doi.org/10.1016/j.cell.2018.05.024
https://doi.org/10.1016/j.cell.2018.05.024
https://doi.org/10.1038/nprot.2016.126
https://doi.org/10.1038/nmeth.4155
https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1016/j.hrthm.2011.10.016
https://doi.org/10.1038/ng1177
https://doi.org/10.1161/CIRCULATIONAHA.117.029430
https://doi.org/10.1038/s41576-018-0060-8
https://doi.org/10.1016/j.celrep.2019.01.116

Bertero

RNA Biogenesis and Trans Nuclear Regulations

promote cardiomyopathy in RBM20 gene-edited pigs. Nat. Med. 26, 1788-1800.
doi: 10.1038/s41591-020-1087-x

Schoenfelder, S., Sexton, T., Chakalova, L., Cope, N. E, Horton, A., Andrews, S.,
et al. (2010). Preferential associations between co-regulated genes reveal a
transcriptional interactome in erythroid cells. Nat. Genet. 42, 53-61. doi:
10.1038/ng.496

Sexton, T., Umlauf, D., Kurukuti, S., and Fraser, P. (2007). The role of transcription
factories in large-scale structure and dynamics of interphase chromatin.
Semin. Cell Dev. Biol. 18, 691-697. doi: 10.1016/j.semcdb.2007.08.008

Shachar, S., Voss, T. C., Pegoraro, G., Sciascia, N., and Misteli, T. (2015).
Identification of gene positioning factors using high-throughput imaging
mapping. Cell 162, 911-923. doi: 10.1016/j.cell.2015.07.035

Simonis, M., Klous, P, Splinter, E., Moshkin, Y., Willemsen, R., de Wit, E.,
et al. (2006). Nuclear organization of active and inactive chromatin domains
uncovered by chromosome conformation capture-on-chip (4C). Nat. Genet.
38, 1348-1354. doi: 10.1038/ng1896

Slobodin, B., Han, R., Calderone, V., Vrielink, J. A. E O., Loayza-Puch, E,
Elkon, R., et al. (2017). Transcription impacts the efficiency of mRNA
translation via co-transcriptional N6-adenosine methylation. Cell 169,
326-337.e12. doi: 10.1016/j.cell.2017.03.031

Spilianakis, C. G., Lalioti, M. D., Town, T, Lee, G. R,, and Flavell, R. A.
(2005). Interchromosomal associations between alternatively expressed loci.
Nature 435, 637-645. doi: 10.1038/nature03574

Sun, L., Jing, Y, Liu, X,, Li, Q., Xue, Z., Cheng, Z., et al. (2020). Heat stress-
induced transposon activation correlates with 3D chromatin organization
rearrangement in Arabidopsis. Nat. Commun. 11:1886. doi: 10.1038/
541467-020-15809-5

Takizawa, T., Gudla, P. R., Guo, L., Lockett, S., and Misteli, T. (2008). Allele-
specific nuclear positioning of the monoallelically expressed astrocyte marker
GFAP. Genes Dev. 22, 489-498. doi: 10.1101/gad.1634608

Tanabe, H., Habermann, F. A., Solovei, 1., Cremer, M., and Cremer, T. (2002).
Non-random radial arrangements of interphase chromosome territories:
evolutionary considerations and functional implications. Mutat. Res. 504,
37-45. doi: 10.1016/s0027-5107(02)00077-5

Tiwari, V. K., Cope, L., McGarvey, K. M., Ohm, J. E., and Baylin, S. B.
(2008). A novel 6C assay uncovers polycomb-mediated higher order
chromatin conformations. Genome Res. 18, 1171-1179. doi: 10.1101/
gr.073452.107

Tomikawa, J., Takada, S., Okamura, K., Terao, M., Ogata-Kawata, H., Akutsu, H.,
et al. (2020). Exploring trophoblast-specific Tead4 enhancers through chromatin
conformation capture assays followed by functional screening. Nucleic Acids
Res. 48, 278-289. doi: 10.1093/nar/gkz1034

Ummethum, H., and Hamperl, S. (2020). Proximity labeling techniques to
study chromatin. Front. Genet. 11:450. doi: 10.3389/fgene.2020.00450

van den Hoogenhof, M. M. G., Beqqali, A., Amin, A. S., van der Made, I,
Aufiero, S., Khan, M. A. F, et al. (2018). RBM20 mutations induce an
arrhythmogenic dilated cardiomyopathy related to disturbed calcium handling.
Circulation 138, 1130-1342. doi: 10.1161/CIRCULATIONAHA.117.031947

Vieux-Rochas, M., Fabre, P. J., Leleu, M., Duboule, D., and Noordermeer, D.
(2015). Clustering of mammalian Hox genes with other H3K27me3 targets
within an active nuclear domain. PNAS 112, 4672-4677. doi: 10.1073/
pnas.1504783112

Virani, S. S., Alonso, A., Benjamin, E. J., Bittencourt, M. S., Callaway, C. W,,
Carson, A. P, et al. (2020). Heart disease and stroke statistics—2020 update:
a report from the American Heart Association. Circulation 141, E139-E596.
doi: 10.1161/CIR.0000000000000757

Westra, H. J., Peters, M. J., Esko, T., Yaghootkar, H., Schurmann, C., Kettunen, J.,
et al. (2013). Systematic identification of trans eQTLs as putative drivers

of known disease associations. Nat. Genet. 45, 1238-1243. doi: 10.1038/
ng.2756

Wong, E. S., Schmitt, B. M., Kazachenka, A., Thybert, D., Redmond, A,
Connor, E, et al. (2017). Interplay of cis and trans mechanisms driving
transcription factor binding and gene expression evolution. Nat. Commun.
8;1092. doi: 10.1038/s41467-017-01037-x

Wu, S., Fatkhutdinov, N., Rosin, L., Luppino, J. M., Iwasaki, O., Tanizawa, H.,
et al. (2019). ARIDIA spatially partitions interphase chromosomes. Sci. Adv.
5;eaaw5294. doi: 10.1126/sciadv.aaw5294

Wyles, S. P, Hrstka, S. C,, Reyes, S., Terzic, A., Olson, T. M., and Nelson, T. J.
(2016a). Pharmacological modulation of calcium homeostasis in familial
dilated cardiomyopathy: an in vitro analysis from an RBM20 patient-derived
iPSC model. Clin. Transl. Sci. 9, 158-167. doi: 10.1111/cts.12393

Wyles, S. P, Li, X,, Hrstka, S. C., Reyes, S., Oommen, S., Beraldi, R., et al.
(2016b). Modeling structural and functional deficiencies of RBM20 familial
dilated cardiomyopathy using human induced pluripotent stem cells. Hum.
Mol. Genet. 25, 254-265. doi: 10.1093/hmg/ddv468

Xiong, K., and Ma, J. (2019). Revealing Hi-C subcompartments by imputing
inter-chromosomal chromatin interactions. Nat. Commun. 10;5069. doi:
10.1038/541467-019-12954-4

Yaffe, E., and Tanay, A. (2011). Probabilistic modeling of Hi-C contact maps
eliminates systematic biases to characterize global chromosomal architecture.
Nat. Genet. 43, 1059-1065. doi: 10.1038/ng.947

Yao, J., and Dai, H. L. (2018). Is pooled CRISPR-screening the dawn of a new
era for functional genomics. Adv. Exp. Med. Biol. 1068, 171-176. doi:
10.1007/978-981-13-0502-3_14

Yao, C., Joehanes, R., Johnson, A. D., Huan, T., Liu, C., Freedman, J. E., et al.
(2017). Dynamic role of trans regulation of gene expression in relation to
complex traits. Am. J. Hum. Genet. 100, 571-580. doi: 10.1016/j.ajhg.2017.02.003

Yue, Y, Liu, ], Cui, X,, Cao, J., Luo, G., Zhang, Z., et al. (2018). VIRMA
mediates preferential m6A mRNA methylation in 3’UTR and near stop
codon and associates with alternative polyadenylation. Cell Discov. 4:10.
doi: 10.1038/541421-018-0019-0

Zhang, Y., Li, T,, Preissl, S., Amaral, M. L., Grinstein, J. D., Farah, E. N,, et al.
(2019). Transcriptionally active HERV-H retrotransposons demarcate
topologically associating domains in human pluripotent stem cells. Nat.
Genet. 51, 1380-1388. doi: 10.1038/s41588-019-0479-7

Zhao, B. S., Roundtree, I. A., and He, C. (2017). Post-transcriptional gene
regulation by mRNA modifications. Nat. Rev. Mol. Cell Biol. 18, 31-42. doi:
10.1038/nrm.2016.132

Zhao, Z., Tavoosidana, G., Sjolinder, M., Géndor, A., Mariano, P, Wang, S.,
et al. (2006). Circular chromosome conformation capture (4C) uncovers
extensive networks of epigenetically regulated intra- and interchromosomal
interactions. Nat. Genet. 38, 1341-1347. doi: 10.1038/ng1891

Zheng, H., and Xie, W. (2019). The role of 3D genome organization in
development and cell differentiation. Nat. Rev. Mol. Cell Biol. 20, 535-550.
doi: 10.1038/541580-019-0132-4

Conflict of Interest: The author declares that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2021 Bertero. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

March 2021 | Volume 12 | Article 645863


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1038/s41591-020-1087-x
https://doi.org/10.1038/ng.496
https://doi.org/10.1016/j.semcdb.2007.08.008
https://doi.org/10.1016/j.cell.2015.07.035
https://doi.org/10.1038/ng1896
https://doi.org/10.1016/j.cell.2017.03.031
https://doi.org/10.1038/nature03574
https://doi.org/10.1038/s41467-020-15809-5
https://doi.org/10.1038/s41467-020-15809-5
https://doi.org/10.1101/gad.1634608
https://doi.org/10.1016/s0027-5107(02)00077-5
https://doi.org/10.1101/gr.073452.107
https://doi.org/10.1101/gr.073452.107
https://doi.org/10.1093/nar/gkz1034
https://doi.org/10.3389/fgene.2020.00450
https://doi.org/10.1161/CIRCULATIONAHA.117.031947
https://doi.org/10.1073/pnas.1504783112
https://doi.org/10.1073/pnas.1504783112
https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1038/ng.2756
https://doi.org/10.1038/ng.2756
https://doi.org/10.1038/s41467-017-01037-x
https://doi.org/10.1126/sciadv.aaw5294
https://doi.org/10.1111/cts.12393
https://doi.org/10.1093/hmg/ddv468
https://doi.org/10.1038/s41467-019-12954-4
https://doi.org/10.1038/ng.947
https://doi.org/10.1007/978-981-13-0502-3_14
https://doi.org/10.1016/j.ajhg.2017.02.003
https://doi.org/10.1038/s41421-018-0019-0
https://doi.org/10.1038/s41588-019-0479-7
https://doi.org/10.1038/nrm.2016.132
https://doi.org/10.1038/ng1891
https://doi.org/10.1038/s41580-019-0132-4
http://creativecommons.org/licenses/by/4.0/

	RNA Biogenesis Instructs Functional Inter-Chromosomal Genome Architecture
	Introduction
	Inter-Chromosomal Genome Architecture
	Chromosome Territories
	Nuclear Subcompartments
	Transcription Factories
	Nuclear Speckles
	Splicing Factories
	 Trans -Acting Regulatory Regions
	Polycomb Domains

	 Trans -Acting Expression Quantitative Trait Loci
	The Cardiomyocyte Nucleus: A Case in Point
	Cardiac Inter-Chromosomal Genome Organization
	Cardiac Trans -Acting Expression Quantitative Trait Loci

	A Bidirectional Link Between RNA Biogenesis and Nuclear Regulations in trans ?
	A Unifying Hypothesis for RNA Factories and Trans -Interacting Domains
	Mechanisms Leading to the Formation of RNA Factories
	Experimental Testing Strategies and Predicted Outcomes

	Testing the Hypothesis: Challenges and Ideas
	Identification of RNA Factories
	Methodological Consideration
	Analytical Considerations
	Identification of Trans -Acting Regulators in RNA Factories
	Testing the Function of RNA Factories

	Conclusion
	Data Availability Statement
	Auth or Contributions

	References

