On the Role of Three-Dimensional
Genome Organization in Gene
Regulation and mRNA Splicing

Thesis by
Prashant Bhat

In Partial Fulfillment of the Requirements for the degree of
Doctor of Philosophy

CALIFORNIA INSTITUTE OF TECHNOLOGY
Pasadena, California

2023
(Defended May 3, 2023)



© 2023

Prashant Bhat
ORCID: 0000-0003-3832-4871

il



ACKNOWLEDGMENTS

I have had an incredible time at Caltech. Caltech’s small size and
academically stimulating atmosphere resemble that of an intellectual
monastery, which fosters an environment where great discoveries require
time and careful cultivation. There are many people I must thank.

Professor Mitchell “Mitch” Guttman has been an outstanding mentor
during my time in the lab, and ['ve gained invaluable life lessons from him.
I liked how invested Mitch was in the details of my project. I had the
opportunity to spend countless hours studying experimental data,
analytical tools, and learning Mitch's thought processes. Furthermore, I
was able to improve my ability to give effective presentations, write
grants, and manage larger teams. Mitch was also supportive of my desire
to learn new methodologies and tackle the field of splicing, which no one
in the lab had previously pursued. He not only allowed me to take a
substantial risk, but also encouraged me to dream big. I am lucky to call
him a friend and an everlasting source of support.

Within the lab there are many people I wish to thank. Most importantly,
Sofia “Sofi” Quinodoz trained me in genomics in the initial part of my
PhD and we have spent countless hours talking science, pipetting, and
nervously awaiting traces on the BioAnalyzer late in the night. She
continues to be an incredible colleague, mentor, and friend. Mackenzie
Strehle has been my closest friend in the lab and will miss our daily chats
between experiments and meetings. Further, much of what I have learned
about microscopy is from her. Amy Chow has helped me a great deal
throughout my PhD and has answered my many questions. In addition to
that, she is an incredible manager of the lab. The lab would not function
without Amy. I also thank Mario Blanco and Joanna Jachowicz, both of
whom have given me invaluable personal and professional advice. I thank
Inna-Marie Strazhnik for her incredible ability to bring our data to life
through her illustrations. I also thank Shawna Hiley for her help with
editing and refining the language of our manuscripts. There are many other

il



lab members I have had the pleasure of working with: Olivia Ettlin,
Elizabeth Sochalim, Allen Chen, Wesley Huang, Drew Honson, Isabel
Goronzy, Chris Chen, Vickie Trinh, Elizabeth Detmar, Ali Palla, and
Parham Peyda.

I also would like to thank my collaborators to whom I owe a great deal of
gratitude for their time and shared passion for science. Special thanks to
Benjamin “Ben” Emert, who provided expertise in single molecule FISH
and advice about a career as an MD/PhD. Yodai Takei is one of the most
talented scientists and most genuine people I know; it has been a pleasure
collaborating with him. I also thank Igor Antoshechkin for being so
accommodating with our last-minute sequencing runs.

I also thank several faculty mentors. I thank David Baltimore, Doug Black,
Howard Chang, and Michael Elowitz for providing valuable advice and
guidance on my thesis. Doug has been especially helpful with his
encyclopedic knowledge of splicing. I thank Lior Pachter, who has been
an incredible mentor and friend — he has taught me how to simultaneously
be a caring person and exceptional scientist. I thank Barbara Wold for
providing myocytes for us to extend our speckle findings to other cell
types. I also thank Magdalena Zernicka-Goetz, Mary Ann Kennedy,
Shasha Chong, and Fangyuan Ding for insightful conversations and
further guidance. A huge amount of gratitude to my undergraduate
research mentors, Jennifer Doudna and Sam Sternberg, where the
discovery of CRISPR was the launch of my interest in understanding the
fundamentals of RNA.

I thank Liz Ayala, Raina Beaven, and Lauren Breeyear for being the
engine that powers the division of biology and biological engineering.

I thank my friends who brought my Caltech experience to life. Luke, who
is the original “splicing dude” and introduced me to splicing and its
relevance to disease. I also appreciate his friendship and advice throughout
the years. Many thanks to Tara Chari, Ben Riviere, Kent Leslie, Levi

v



Palmer, Patrick Nutter, Lev Tsypin, Alex Winnett, Michael Porter, Adrian
Bruckner, and Dustin Buccino, with whom I have cultivated a great
support system and friendships.

My family has been a source of both inspiration and support. My mom and
dad have provided an endless amount of support and advice my whole life.
Their experiences as scientists have inspired me in many ways. [ have tried
to emulate my mom'’s incredible notetaking and attention to detail and my
dad’s ability to transcend divergent fields — having taught himself biology
as a medicinal chemist. My parents have given me so much and have been
the biggest cheerleaders for my scientific passions. I thank my sister, Priya
Bhat-Patel who has taught me confidence and to always stand up for what
is right, despite the barriers. She has cultivated in me the mindset of, “If
not me, then who?” I also am grateful to my brother-in-law, Tej Patel, for
support and my dearest nephew, Jahan, who is a bundle of joy and is
growing up to be a very intelligent and caring boy.

Finally, I thank my best friend and life partner Kishan Patel, for being the
person who supports me every day with love and encouragement. His
boundless optimism and radiating happiness have illuminated my life and
made me excited for the years to come.



ABSTRACT

The nucleus is spatially organized such that DNA, RNA, and protein
molecules involved in shared functional and regulatory processes are
compartmentalized in three-dimensional (3D) structures. These structures
are emerging as a paradigm for gene regulation, a highly complex process
that requires the dynamic coordination of hundreds of regulatory factors
around precise targets in different cell states. We describe the discovery of
hundreds of RNA-DNA hubs throughout the nucleus that are organized
around essential nuclear functions such as RNA processing, centromeric
heterochromatin organization, and gene regulation. Focusing on RNA
processing, specifically co-transcriptional splicing, we find that genome-
wide organization of active genes near nuclear speckles drives the
efficiency of pre-mRNA splicing in a cell-type specific manner. The
results of this thesis illustrate how spatial compartmentalization of
biomolecules increases the local concentration of reactants and enzymes
such that greater efficiency is achieved in scenarios where rapid responses
are required for cell survival.
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Chapter 1: Introduction

NUCLEAR COMPARTMENTALIZATION AS A MECHANISM OF
QUANTITATIVE CONTROL OF GENE EXPRESSION

Prashant Bhat, Drew Honson, and Mitchell Guttman

A modified version of this chapter was published as: Bhat, P., Honson, D.,
& Guttman, M. Nuclear compartmentalization as a mechanism of
quantitative control of gene expression. Nat. Rev. Mol. Cell Biol. 22, 653—
670 (2021). https://doi.org/10.1038/s41580-021-00387-1

“Inside the nucleus, genes recline along chromosomes, a word that
means 'colored bodies." They coil and uncoil, winding and unwinding,
gathering and releasing information. Proteins bind to them, like readers
holding an ancient text. And in this crowded, three-dimensional city of
cells, genes and proteins meet, collide, separate, and merge in a brilliant
choreography. It is here, in this dance of molecules, that life finds its
rhythm and its meaning.” — Siddhartha Mukherjee in The Gene: An
Intimate History



1.1 ABSTRACT

Gene regulation requires the dynamic coordination of hundreds of
regulatory factors at precise targets. While many regulatory factors have
specific affinity for their nucleic acid targets, molecular diffusion and
affinity models alone cannot explain many of the quantitative features of
these processes in the nucleus. One emerging explanation for these non-
linear regulatory properties is that DNA, RNA, and proteins organize
within precise, three-dimensional (3D) compartments in the nucleus to
concentrate groups of functionally related molecules. Recently, nucleic
acids and proteins involved in many critical nuclear processes have been
shown to engage in cooperative interactions that lead to the formation of
condensates that act to partition molecular components. In this
introductory chapter, we discuss an emerging perspective in gene
regulation that moves away from classic stoichiometric models towards an
understanding of how spatial compartmentalization can lead to non-
stoichiometric molecular interactions and non-linear regulatory behaviors.
We describe key features of nuclear compartmentalization and their
importance in controlling transcriptional regulation, higher-order
chromatin structure, and RNA processing and more generally explore how
these properties may explain critical quantitative aspects of gene
regulation.



1.2 INTRODUCTION

Gene regulation is a highly complex process that requires the dynamic
coordination of hundreds of regulatory factors — including chromatin and
transcriptional regulators, mRNA processing and splicing factors — at
precise molecular targets in different cell states. While many regulatory
factors have specific affinity for their targets (e.g.. DNA sequences, RNA
structures), molecular diffusion and affinity models alone cannot explain
many of the observed quantitative properties of these regulatory processes
in the nucleus. For example, the rate at which transcription factors bind to
their targets is >1000-fold faster than is predicted from diffusion and
affinity alone'*.

Recent advances in our understanding of nuclear organization, driven by
advances in genomic and microscopy methods (Box 1), have begun to
elucidate a new paradigm that may explain many of these regulatory
properties. Specifically, DNA, RNA, and protein molecules can organize
within precise three-dimensional territories in the nucleus to concentrate
groups of functionally related molecules®®. For example, genomic DNA
is dynamically organized to promote enhancer-promoter interactions’,
topological association of sets of co-regulated genes®, and recruitment of
DNA and pre-mRNA to different nuclear compartments®™'®. Moreover,
many proteins involved in transcriptional regulation (e.g., RNA Pol 1I'!,
TFs'?), enhancer-promoter interactions (e.g., Mediator'"), heterochromatin
formation and maintenance (e.g., HP1'*'*, SAFB'S) and mRNA splicing
(e.g., FUS'®) have been shown to be enriched within high-concentration
territories within the nucleus. A central tenet of this model is that
formation of nuclear compartments can act to partition molecular
components and biochemical functions'’ '’ (Figure 1A).

In this introductory chapter, we explore an emerging paradigm for gene
regulation that moves away from classic stoichiometric models and
describe how spatial compartmentalization can lead to non-stoichiometric
molecular interactions and non-linear regulatory behaviors. We discuss
the molecular mechanisms by which compartmentalization is achieved



and the role of compartmentalization in spatially organizing enhancers,
promoters, and transcription factors to drive transcriptional initiation. In
addition, we explore the role of compartmentalization in controlling
higher-order chromatin organization and regulation, and co-transcriptional
RNA processing. In each of these cases, we discuss the key features of
nuclear compartmentalization that enable the non-linear behaviors that
quantitatively control critical aspects of gene regulation.
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Figure 1| a| Nuclear compartments contain high local concentration of specific molecules
in 3D space. Upward arrows represent higher concentration and downward arrows
represent lower concentration. b | Stoichiometric interactions between two molecules, M1
(an RNA) and M2 (a protein), show a linear increase in the number of M2 molecules bound
per unit increase in M1. By contrast, non-stoichiometric interactions lead to an exponential
increase in binding of the target molecule (M2) as MI increases. c | Stoichiometric



interactions between molecules and cooperative interactions between multivalent
intrinsically disordered regions (IDRs) of proteins can be found within a sample of
complexes. The low-affinity interactions between IDRs are often mediated by stretches of
charged and polar amino acids (aa). d | Image of polypyrimidine tract-binding protein 1
(PTBP1) molecules undergoing concentration-dependent condensate formation with RNA
in vitro (top). When protein concentration is high, multivalent interactions can promote
‘de-mixing’ (bottom). e | Phase diagram describing whether molecules will be present in
a diffusive state or a compartmentalized state. Formation of these structures is controlled
by local concentration leading to sharp transition behaviors (blue line). f'| Condensates
can exhibit properties of liquids, including the ability to split (fission), merge (fusion) and
undergo rapid internal rearrangement (diffusion). g | Cartesian plane highlighting the
relationship between affinity, avidity and physical manifestations of different types of
molecular associations. Well-mixed solution of two soluble proteins with little to no affinity
for one another, such as GAPDH and enolase (bottom left). Ul small nuclear
ribonucleoprotein (Ul snRNP) is an example of a macromolecular complex composed of
high-affinity interactions between a fixed stoichiometric ratio of interacting component
molecules (bottom right). Nuclear bodies are composed of self-interacting proteins, for
example, SC35 (also known as SRSF2) proteins in nuclear speckles (top left). Solid
aggregates of tau are observed in neurodegenerative diseases (top right). Image courtesy
of Inna-Marie Strazhnik/Caltech. Part d adapted from ref.47, Springer Nature Limited.

1.3 MECHANISMS OF NUCLEAR COMPARTMENT FORMATION

Macromolecular complex formation between protein, DNA, and RNA
molecules has traditionally been viewed through the lens of stoichiometric
molecular interactions. These interactions generally occur through well-
structured domains that form high-affinity contacts to form complexes
containing fixed molecular ratios (Figure 1B). Recently, many critical
regulatory proteins have also been shown to form low affinity interactions
with other protein, DNA, or RNA molecules — primarily through
multivalent interactions between unstructured, low complexity domains or
intrinsically disordered regions (IDRs). While individually these weak
associations might not enable specific interactions, cooperative
association of molecules at high concentrations can facilitate the formation
of biomolecular condensates (reviewed extensively'”'*?’). Here, we
describe how these two molecular mechanisms — stoichiometric molecular



interactions and condensate formation — can lead to nuclear
compartmentalization.

1.3.1 MOLECULAR INTERACTIONS DRIVE FORMATION OF
COMPLEXES AT FIXED STOICHIOMETRIC RATIOS

Macromolecular complexes are formed through interactions that occur
between molecules at precise stoichiometric ratios (Figure 1B). For
example, a single RNA Pol II holoenzyme is formed by high affinity
protein-protein interactions between RNA Pol II and general transcription
factors such as TFIIF?!. Transcription factors can also bind with high
affinity to specific DNA sequences within the major groove of the double
helix through their DNA binding domains (e.g., zinc finger domains and
leucine zippers)**. Similarly, high affinity protein-RNA and RNA-RNA
interactions contribute to a variety of macromolecular complexes in the
nucleus. For example, various proteins containing RNA binding domains
(i.e., RRMs* and KH** domains) bind directly to specific RNA sequences
or structures and specific RNAs directly hybridize with other RNA
molecules to form macromolecular complexes. A single U4/U6.U5 tri-
snRNP spliceosomal complex is assembled via extensive base pairing
between U4 and U6 snRNAs and high affinity interactions between more
than 30 proteins that interact with each other and snRNAs*.

To date, the wvast majority of studied transcriptional and post-
transcriptional regulators represent high affinity macromolecular
complexes (Figure 1C). This is in large part because traditional methods
for exploring the structure of macromolecular complexes (e.g., X-ray
crystallography) require formation of stable, high-aftfinity conformations.
Despite the critical importance of such macromolecular complexes in
nuclear functions, many proteins involved in transcriptional regulation
(e.g., Mediator, RNA Pol II, and cell-type specific transcription factors),
chromatin regulation (e.g., Polycomb, HP1), and RNA processing (e.g.,
SRSF1, FUS, PTBP1) also contain large IDRs that do not form well-



structured domains and have traditionally been excluded from expressed
proteins when attempting to solve the structure of macromolecular
complexes®® %,

1.3.2 COOPERATIVE, MULTIVALENT INTERACTIONS CAN
DRIVE FORMATION OF MOLECULAR CONDENSATES

In contrast to macromolecular complexes that occur at fixed
stoichiometries, molecules can also form condensates that contain
multiple interacting molecular components that can associate at variable
stoichiometries where the molecular components are spatially enriched
relative to the surrounding cellular environment'’" (Figure 1D, left).
Condensate formation is a concentration-dependent process that is often
driven by molecules that engage in cooperative, multivalent, low affinity,
interactions®.

Chemistry and soft-matter physics have provided insights into the
thermodynamics underlying condensate formation in cells* (Figure 1E).
A useful way to conceptualize this is to consider a set of molecules (e.g.,
multiple copies of a particular protein, “A”) mixed with a collection of
other molecules (e.g., nucleoplasm, “B”). If the “A” molecules and “B”
molecules are attracted to one another, a well-mixed solution will form to
maximize the entropy of the system. However, if the “A” molecules
exhibit preferential molecular attraction to other “A” molecules compared
to “B” molecules, formation of these preferential “A” interactions will be
more energetically favorable than random mixing of “A” and “B” (Figure
1E). While molecules that achieve weak affinity of individual interactions
(e.g., uM binders) might be insufficient to promote energetically favorable
association, interactions that occur at multiple independent sites
(multivalency) lead to a large increase in the overall affinity — referred to
as avidity’'— between molecules. When the concentration of “A”
molecules achieves a critical concentration threshold, the self-interacting
“A” molecules will “demix” from the other “B” molecules (Figure 1E), a



process referred to as concentration-dependent phase separation. The

19,31 18,30

thermodynamics of multivalency ~, physics of phase separation ™, and

their features and limitations for thinking about biological processes'®
203233 are explored in more detail in several reviews. In this Review, we
use the term condensate to refer to molecular assemblies that are formed
through concentration-dependent, multivalent associations regardless of

whether they undergo phase separation.

Many of the proteins that are important for promoting condensate
formation contain large regions that do not form well-structured domains
(referred to as IDRs). These IDRs are often composed of charged and polar
amino acids which can facilitate low affinity interactions® (Figure 1C).
The charge properties of these IDRs combined with their length allow
them to engage in multivalent, low affinity, homotypic and heterotypic
interactions. Because multivalent binding can induce a multiplicative
increase in the overall avidity between two molecules, systematically
increasing the number of possible interactions that a given molecule can
form (“valency”) enables association and demixing to occur at lower
1835 (Figure 1D, right). Importantly,
such concentration-dependent assemblies can form through homotypic or
heterotypic multivalent associations of RNA, DNA and protein
molecules®®’.

overall molecular concentrations

1.3.3 CONDENSATES WITH PROPERTIES OF LIQUIDS, GELS, OR
SOLIDS CAN FORM VIA PHASE SEPARATION

Molecules can undergo phase separation to form condensates that exist
within different physical states including liquid, solid, and intermediate
(“gel-like”) states (Figure 1E). The key to formation of the liquid state —
which involves rapid molecular exchange within a condensate — is that
each individual interaction is weak. Because of the low affinity of
individual interactions, proteins can associate and disassociate within the
condensate. In contrast, if there is a strong affinity between individual



interacting components, high avidity can still be achieved but it will
restrict diffusion within the condensate and result in a more rigid, solid-
like structure. Because affinity is a continuous property, the precise
physical states of a condensate can be thought of as a continuum across
the liquid to solid dimension (Figure 1F).

The specific phenomenon of phase separation to form liquid-like
condensates is known as liquid-liquid phase separation (LLPS)'®. One of
the first discovered examples of LLPS-mediated condensate formation
was P granules in C. elegans®®. P granules were shown to form condensates
that exhibit several liquid-like properties including (i) the ability to fuse
with other compartments (fusion of droplets), (ii) the ability to split into
distinct compartments (fission of droplets), (iii) the ability to dynamically
rearrange the molecules within the compartment®® (Figure 1E), and (iv)
these compartments displayed a spherical shape that reflects its surface
tension with the surrounding cytoplasm. By virtue of its liquid-like
properties, the molecules contained within an LLPS compartment are
expected to be well-mixed and uniformly distributed*.

Several membraneless compartments in the nucleus have been shown to
form liquid-like structures, including the nucleolus®. In addition, many
proteins involved in gene regulation have been proposed to undergo LLPS.
These include chromatin regulatory proteins (HP1'*'* and Polycomb***?),
transcriptional machinery (Mediator''**, RNA Pol II''*3, TAZ*, BRD4*),
transcription factors (OCT4'2, TAF15%), splicing factors (SRSF1*,
SRSF2*) and RNA processing factors (PTBP1°*7).

1.3.4 SPATIALLY CONSTRAINED NUCLEIC ACIDS CAN SEED
COMPARTMENTALIZATION IN THE NUCLEUS

In order to form a nuclear compartment, molecules need to achieve high
concentrations within a spatially constrained territory of the nucleus.
Because nuclear proteins are translated in the cytoplasm and then



trafficked into the nucleus, they are intrinsically diffusible; they need to
diffuse through the nucleus to associate with their targets. In theory,
proteins that form condensates could stochastically come together via
molecular diffusion at the concentrations needed to undergo condensate
formation. Yet, this is likely a rare event because the overall
concentrations of individual nuclear proteins are often too low to allow for
the simultaneous association of the multiple proteins required*®. Instead,
many nuclear compartments are seeded through high-affinity interactions
with spatially constrained molecules within the nucleus. These can include
interactions with nucleic acids, histone modifications, or existing nuclear

structures (e.g., nuclear lamina)*®®,

Specifically, these spatially
constrained molecules can bind to various diffusible molecules and recruit
them to specific nuclear territories to seed formation of nuclear

compartments (Figure 2A).

Many nuclear structures have been shown to form via interactions with
non-coding RNAs (ncRNAs). For example, formation of the nucleolus is
seeded by transcription of pre-ribosomal RNA®*!  the paraspeckle is
seeded by the Neatl IncRNA>2, histone locus bodies are seeded around
transcription of histone pre-mRNAs>, and the Barr body (inactive X) is
seeded by the Xist IncRNA®**. Moreover, many chromatin regulators form
spatial compartments in the nucleus that have been shown to be dependent
on RNA (e.g., HP1%, SHARP?®, and Polycomb’’*). For example, live
cell imaging of SHARP (an RNA binding protein that recruits HDAC3)
revealed dozens of condensate-like structures throughout the nucleus that
become diffuse throughout the nucleus upon deletion of its RNA binding
domain®® (Figure 2B).
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Figure 2 | a | Model of how non-coding RNAs (ncRNAs) can drive compartmentalization.
Sites of ncRNA transcription can support high ncRNA concentrations and, thus, seed the
formation of high-concentration territories (seed); ncRNAs can bind to diffusible proteins
or ncRNAs through stoichiometric interactions (bind) and, in this manner, lead to
enrichment of diffusible factors within a spatially defined region (recruit). In some cases,
the recruited proteins can recruit other proteins and/or form condensates through
homotypic and heterotypic interactions (not shown). b | Stoichiometric RNA—protein or
DNA—protein interactions can involve single or multiple binding events, but the number of
proteins recruited is limited to the number of available sites on the nucleic acid. By
contrast, non-stoichiometric interactions enable binding of more proteins than available
binding sites. c | Space filling model of localization of hundreds of ncRNAs (colored areas)
across the nucleus in mouse embryonic stem cells. Pol II, polymerase II; XIST, X-inactive
specific transcript. Image courtesy of Inna-Marie Strazhnik/Caltech.

ncRNAs are especially well-suited to seed nuclear compartment formation
because:

(1) Transcription creates high concentrations of spatially-constrained
RNA: Once transcribed, a ncRNA can be retained at high concentration on
chromatin near its site of transcription. Because transcription creates
multiple copies of an RNA species, it can achieve higher local
concentrations (relative to DNA) at these specific nuclear locations. In this
way, a nuclear compartment can be dynamically created by controlling the
expression of a specific ncRNA (Figure 2A).

(2) Spatially-constrained ncRNA can bind to diffusible molecules: Because
ncRNAs contain sequence motifs and secondary structures that can bind
diffusible RNA and protein molecules, these can form stoichiometric
interactions that drive high local concentrations of these diffusible
molecules. In specific cases, formation of these high local concentration
territories can further promote concentration-dependent condensate
formation through homotypic and heterotypic interactions'*** (Figure
2A). Interestingly, several ncRNAs contain multiple binding sites for the
same protein, which can further increase valency of these interactions and
local concentration*”*%? (Figure 2C).
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Recently a pre-print showed that hundreds of ncRNAs can form high-
concentration and stable territories near their site of transcription and
therefore might similarly serve to seed the formation of various nuclear
compartments of different sizes™ (Figure 2D).

In addition to ncRNAs, genomic DNA can also drive high spatial
concentrations of protein complexes in the nucleus. For example, genomic
DNA regions containing a high density of enhancers that each individually
bind to Mediator can drive high local concentrations and condensate
formation®®. Similarly, the presence of multiple histone modifications on
DNA can recruit high concentrations of chromatin “reader” proteins.
Interestingly, several different chromatin reader proteins have been shown
to form condensates in both normal and disease contexts (e.g., Cbx2*'*2,
HP1'*'%% and MeCP2% ). The presence of numerous protein binding
sites on DNA that are present in close proximity (“spatial valency”) may
promote the spatial concentrations of proteins that are needed to drive
condensate formation (Figure 2C).

These shared features — spatial anchoring in 3D space and the ability to
bind and recruit diffusible molecules into high concentration territories —
appear to be critical for seeding the formation of many nuclear structures.

1.3.5 INTEGRATIVE PERSPECTIVE: COMPARTMENTALIZATION
REQUIRES MULTIPLE MECHANISMS IN VIVO

In this section, we presented various mechanisms that are critical for
formation of nuclear compartments, including the ability for molecules to
form stoichiometric interactions, the ability to form non-stoichiometric
assemblies (condensates), and the ability for spatially anchored molecules
to recruit diffusible molecules into precise nuclear territories. Importantly,
these components are not mutually exclusive and assembly of complex
nuclear compartments in cells likely utilize many of these — and possibly
other — mechanisms simultaneously.
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We note that the terminology in this field can be confusing and used
differently by different groups (see Box 2). As an example, the term ‘phase
separation’ is sometimes used to refer specifically to LLPS*® and other
times more broadly to describe a process by which condensates are
formed'®2°. As described above, LLPS, phase separation, and condensate
formation are distinct terms representing distinct chemical and physical
behaviors. Moreover, it is still quite challenging to specifically
demonstrate phase separation in vivo and most descriptions are based on
in vitro studies. Accordingly, the precise biophysical properties of most
nuclear compartments are still unknown. To avoid ambiguity, we will use
the more general term condensate except where the more specific
biophysical properties of a compartment are well-characterized and
critical for describing its functional role.

Importantly, condensate formation is not the only mechanism by which
nuclear compartments can be formed. Alternative mechanisms include the
ability for diffusible proteins to form stoichiometric molecular interactions
with spatially anchored molecules such as ncRNA, DNA, and histones.
For example, initiation of X chromosome inactivation (XCI) requires the
recruitment of the SHARP RNA binding protein to the inactive X
chromosome (Xi). This occurs through induction and retention of the Xist
RNA on the Xi? followed by recruitment of SHARP through a
stoichiometric interaction between its RRM domains and Xist®. Similarly,
upon Herpes Simplex Virus infection, cells form a “replication
compartment” in the nucleus that shows a strong enrichment of RNA
Polymerase II. This enrichment is driven by preferential binding of Pol 11
to the viral DNA contained within this compartment®’.

14 NUCLEAR COMPARTMENTALIZATION FACILITATES
TRANSCRIPTIONAL REGULATION

Biological processes as diverse as differentiation, response to
environmental cues, and innate immunity all depend on the ability of a cell
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to rapidly and specifically activate or repress transcription of specific
genes’*"2. Transcriptional regulation involves numerous cell-type specific
transcription factors (TFs) that bind to DNA regulatory elements,
including promoters and enhancers, through high affinity (stoichiometric)
interactions with defined DNA sequences. The Mediator complex binds to
enhancers, brings them near promoters, and facilitates Pol II loading
during transcriptional initiation”®. Despite important progress in
deciphering the molecular mechanisms of transcriptional regulation,
current models largely rely on stoichiometric molecular interactions and
cannot fully explain many of the quantitative features of transcriptional
regulation. Here we will discuss recent data that establishes an important
role for nuclear compartmentalization in transcriptional initiation and
describe how compartmentalization may enable many of the critical
quantitative features of gene regulation.

1.4.1 ENHANCERS AND PROMOTERS FORM TRANSCRIPTIONAL
CONDENSATES WITH RNA POL II AND MEDIATOR

The discovery of enhancers in animal genomes initially posed a challenge
for classical genetics because it was not obvious how a DNA element tens
or hundreds of kilobases away from a promoter could influence the activity
of its target’*. Early studies of Sonic hedgehog (Shh) using 3D imaging
provided initial evidence that enhancers come into close physical
proximity with their target genes”. This led to a prevailing model in which
enhancer-promoter interactions form direct interactions through
chromosome looping. Yet, this looping model cannot fully explain long-
range enhancer regulation because an individual promoter can be
simultaneously regulated by multiple enhancers’ and, in specific cases, the
spatial distance between enhancers and their promoters can increase upon
transcriptional activation’®””.

1.4.1.1 ENHANCERS AND THEIR TARGETS COEXIST IN
TOPOLOGICALLY ASSOCIATING DOMAINS. Enhancer-promoter
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interactions generally occur within chromosomal structures known as
topologically associating domains (TADs)*"*”. A TAD is a 3D structure
consisting of large DNA regions (generally on the order of hundreds of
kilobases of DNA) that interact more frequently with other DNA regions
within the domain than with neighboring linear DNA regions (Figure 3A).
TADs may represent the functional unit of promoter-enhancer interactions
because adjusting the linear distance between Sh/ and its enhancer within
a TAD has a modest effect on Shh expression, but disrupting the TAD
boundaries substantially decreases Shi expression”*’. Many pathologies
are thought to occur as a result of aberrant enhancer-promoter contacts due
to loss of TAD boundaries. For example, TAD boundary disruption is
thought to allow enhancers to aberrantly activate oncogenes in certain
cancers®*2. Although some TADs are critical to facilitate specific
enhancer-promoter interactions, there are also examples where they
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Figure 3 | a | Example of multiple enhancers (super-enhancer) confined to a topologically
associating domain (TAD; dotted red line) that contains the promoter they regulate.
Comparison of a simple chromatin looping model of enhancers and promoters (left) with a
condensate model (right) shows how multiple enhancers can occupy the same territory by
forming cooperative interactions. b | Two distinct transcription factors (TF1 and TF2) can
have the same affinity for the same DNA sequences, but occupy different genomic locations.
Transcription factors lacking intrinsically disordered regions (IDRs) cannot distinguish
between these high-affinity sites (‘non-specific’), but transcription factors containing IDRs
are targeted to specific genomic regions (‘specific’). ¢ | Comparison of diffusion—affinity
models that involve stochastic movement of proteins to target sites (left) with the facilitated
diffusion model, which involves a combination of 3D movement with sliding (right). Pol II,
polymerase II. Image courtesy of Inna-Marie Strazhnik/Caltech. Part b adapted with
permission from ref. 11, AAAS.

appear to be dispensable for gene regulation, indicating that not all TADs
work in this way™.

1.4.1.2 MEDIATOR AND POL Il CONDENSATES FORM AT SUPER
ENHANCERS. Many critical genes — such as pluripotency factors in
embryonic stem cells, PU.1 in B cell progenitors, and MYC in multiple
myeloma cells — contain large numbers of enhancers that control their
expression® ™. These are referred to as “super-enhancers” and are defined
as large regions of linear genomic DNA that contain a high concentration
of Mediator as well as a large fraction of enhancer-associated Pol II within
the cell®.

Early imaging studies suggested that Pol II occupies clusters®’ !, but
because this work relied on diffraction-limited microscopy, the precise
organization of Pol II was difficult to assess. The advent of super-
resolution microscopy dramatically improved the ability to directly
visualize individual molecules of Pol II in the nucleus®. Super-resolution
studies show that Pol II and Mediator co-occupy both large and small
clusters in the nucleus''. The large Pol II/Mediator clusters (which make
up <10% of total clusters) were proposed to correspond to previously
described super-enhancer containing DNA loci”®. Indeed, linking these Pol
II/Mediator clusters with specific DNA loci (using immunofluorescence
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and DNA FISH) demonstrated that these large clusters tend to overlap with
super-enhancer containing loci®.

1.4.1.3 TRANSCRIPTIONAL CONDENSATES CAN INCREASE THE
CONCENTRATION OF REGULATORY PROTEINS ON DNA. The high
concentration of Pol II/Mediator at these super-enhancer-containing genes
suggests that transcriptional condensates act to increase the concentration
of Pol II at highly regulated genes (Figure 3A). Indeed, live cell super-
resolution imaging has shown that at specific loci the level of nascent
transcription is directly correlated with the size of the Pol II condensate®
(Figure 3B). These data suggest that super-enhancers may act to
compartmentalize Mediator around target promoters and may facilitate Pol
IT loading. Similarly, transcription factors containing IDRs can also be
recruited to genomic DNA regions containing a high density of binding
sites to form a compartment that achieves higher TF concentrations than
the number of binding sites present. For example, the EWS/FLI1 fusion
TF can bind to repetitive DNA regions and can accumulate within clusters
in the nucleus at concentrations that exceed the number of available DNA
binding sites. In this way, this fusion protein can promote robust
expression of genes at these sites”.

The ability for Mediator, Pol I1, and specific TFs to undergo concentration-
dependent condensate formation may increase the concentration of these
regulators beyond the stoichiometric concentration that can be achieved
by binding to individual DNA binding sites.

1.42 CONDENSATES OF DNA BINDING PROTEINS MAY
FACILITATE RAPID TARGET SEARCH IN THE GENOME

Cell-type specific transcription factors diffuse through the nucleus and
form high affinity interactions with their cognate DNA binding sequence.
While this “diffusion and affinity model” can explain many of the
qualitative aspects of gene regulation (i.e., where TFs bind to DNA),
measurements in bacteria demonstrate that the observed rates of
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association of the Lac repressor to its target DNA site are dramatically
faster than would be predicted by molecular diffusion and DNA binding
affinity®. This discrepancy is even larger in eukaryotes, where the number
of available sites on chromatin is vastly more complex'. For example, it
would take several hundred hours for a specific TF to identify a single
binding site within the nucleus using diffusion and affinity alone?. Yet,
TFs can dynamically localize and induce transcription within minutes of
stimulation in many distinct contexts. In addition, not all high affinity
binding sites on DNA are occupied by a TF, indicating that there are
factors beyond DNA binding affinity that are important for controlling
target recognition.

To address this quantitative challenge, a biophysical model referred to as
“facilitated diffusion” was proposed"®’. This model suggests that TFs
identify their targets in two steps — (i) rapid 3D diffusion to i