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3D genome organization, epigenetic regulation, and spatiotemporal control
of gene expression

The genome encodes the full complement of information necessary for the development,
differentiation, and homeostasis of an organism. However, gene expression is not
uniform or constitutive; rather, it is tightly regulated in a spatiotemporal manner by
a complex network of transcriptional and epigenetic regulatory mechanisms. This
regulation ensures that genes are expressed at the right time, at the right place.
While only approximately 1% of the human genome encodes proteins, the remaining
99% comprises a vast array of non-coding elements that play essential roles in gene
regulation. These include enhancers, silencers, insulators, enhancer RNAs (eRNAs),
microRNAs and long non-coding RNAs (IncRNAs). Far from being “junk DNA”, these
regulatory elements are integral to the precise control of transcriptional programs that
underlie cellular identity and function'?.

Enhancers play a pivotal role in the precise spatiotemporal regulation of gene expression.
They are defined as short, non-coding DNA sequences bound by sequence-specific
transcription factors (TFs) and co-factors®. In response to intrinsic cues or external
stimuli, they converge on their target gene promotor, bringing transcription factors
essential for transcription initiation or silencing®*. Enhancers may reside in intergenic
regions, introns, or even within coding exons. A typical gene is regulated by multiple
enhancers, which can be located at variable distances, ranging from a few base pairs
to over a megabase away, relative to their target promoter®. The ability of enhancers to
regulate target gene expression often depends on long-range chromatin interactions,
bringing enhancers into physical proximity with promoters despite large genomic
distances®. However, identifying functionally relevant enhancers and accurately linking
them to their target genes remains a major challenge. While epigenomic signatures such
as chromatin accessibility (as determined by ATAC-seq), H3K4me1 (a mark of poised
enhancers), and H3K27ac (a mark of active enhancers) are commonly used to predict
enhancer regions, these features alone do not confirm enhancer function or target
specificity”®. Moreover, candidate enhancers are frequently assigned to the nearest
gene, but this approach is error-prone; studies estimate that 33-73% of enhancers
bypass the closest gene, instead regulating more distal genes®'". As such, accurate
enhancer—promoter mapping requires high-resolution chromatin conformation capture
techniques, such as 4C, Hi-C, 5C, ChlA-PET, and HiChlIP, which can identify physical
interactions between regulatory elements and promoters at a region of interest or at
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genome-wide scale'. Nevertheless, the detection of a chromatin contact does not, in
and of itself demonstrate functional relevance®*. Additional experimental validation, such
as CRISPR-based enhancer perturbation or reporter assays, is essential to confidently
link enhancers to their target gene and demonstrate enhancer activity.

The three-dimensional (3D) organization of the genome imposes an additional layer of
regulatory control over gene expression. Regulatory interactions between enhancers
and promoters are often constrained within topologically associated domains (TADs),
megabase-scale genomic regions characterized by a high frequency of internal chromatin
contacts'™'°, These domains are typically demarcated by boundaries enriched for the
architectural proteins CCCTC-binding factor (CTCF) and the Cohesin complex, which
serve to insulate regulatory units and prevent aberrant enhancer—promoter interactions
across neighboring domains™'41€ (Fig1A). This spatial compartmentalization restricts
the regulatory search space of enhancers, thereby ensuring specificity and fidelity in
transcriptional programs'. Within TADs, smaller chromatin loops bring enhancers
into proximity with their target promoters, forming a dynamic and flexible regulatory
architecture®'® (Fig1B). Long-distance chromatin loops spanning over 100 kilobases
are often also mediated by CTCF and Cohesin, to help stabilize these interactions'®.

A TAD TAD

Gene Enhancer S, A

Enhancer-promoter looping

TAD TAD

Enhancer-promoter looping



General introduction | 13

Fig1 (left). Schematic presentation of the 3D genome architecture

A) Schematic representation of a Hi-C contact map showing topologically associated domain (TAD)
organization. Blue and red colors represent different TADs that are insulated by CTCF boundaries. Enhancer
promotor looping generally occurs within a TAD. B) lllustration of how DNA folding within a TAD facilitates
enhancer promotor contact in the region presented in (A). Adapted from Robson et al..

Progesterone and the progesterone receptor

Progesterone (P4) is a key ovarian steroid hormone essential for female physiology?°.
P4 orchestrates a broad spectrum of reproductive functions and exerts its effects on
diverse target tissues, including the ovaries, uterus, mammary gland, and brain®°-25, P4
mediates its biological effects through the progesterone receptor (PR), a member of the
nuclear steroid hormone receptor family, which also includes the estrogen receptor (ER),
glucocorticoid receptor (GR), androgen receptor (AR), and mineralocorticoid receptor
(MR)?6. These receptors constitute a unique class of ligand-activated transcription
factors that integrate extracellular hormonal signals with transcriptional regulation of
gene expression?’. Two major PR isoforms exist that are transcribed from the same
gene, PR-A and PR-B. They share identical DNA-binding and ligand-binding domains
but differ in their N-terminal regions?.

PR-B contains an additional activation function domain that is not present in PR-
A. Although the specific functions of each isoform remain incompletely understood,
they regulate distinct gene expression programs in a tissue-specific manner. Most
cells express both isoforms, and they can exert different transcriptional effects within
the same cellular context. Generally, PR-A plays a dominant role in the uterus and
ovaries®®, whereas PR-B is more prominent in the mammary gland®, where it acts
as a more potent transcriptional activator and is essential for P4-induced proliferative
responses® 34, Since PR is an ER target gene, and thus downstream of estrogen
signaling, and ER signaling is heavily involved in breast cancer, progesterone has long
been seen as the ‘other’ reproductive hormone®. As a result, PR is the lesser-studied
counterpart of ER, with fewer dedicated tools and studies®.
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Fig2. Schematic overview of progesterone receptor signaling

Progesterone (P4) can freely diffuse into the cell. Upon progesterone receptor (PR) binding, PR dimerizes and
accumulates in the nucleus. Here it can bind to progesterone responsive elements (PREs) and regulate its
target genes by 3D enhancer promoter looping.

Molecular mechanisms of progesterone driven gene regulation

Following ligand binding, PR undergoes a conformational change, dimerizes, and
accumulates in the nucleus, where it binds to DNA at specific progesterone response
elements (PREs) to modulate gene expression (Fig2). The canonical PRE consists
of an inverted palindrome (ACANNNTGT), but this can vary, and alternative PRE sites
have been described®. Additionally, PR can be recruited to DNA indirectly through
protein—protein interactions with other transcription factors, thereby regulating genes
that lack identifiable PREs®°. Genome-wide studies have identified over 25,000 PR
binding sites associated with the regulation of more than 2,000 genes*#!. Most of
these binding sites do not contain a full consensus PRE but instead feature one or
more half-sites*®. PR binding typically occurs at distal regulatory regions, often located
more than 30 kb from target gene promoters. These regions are frequently marked by
enhancer-associated histone modifications such as H3K4me1 and H3K27ac*04243,

Many PR binding sites are located in nucleosome-enriched (i.e. closed) regions of
the chromatin prior to hormone exposure?®4, Upon activation, PR recruits chromatin
remodelers and co-factors to these sites, facilitating local chromatin opening and
transcriptional initiation?4%44, Notably, PR binding to DNA is not stable; rather, PR—
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chromatin interactions are transient and dynamic, particularly during the early phases
after hormone exposure, when chromatin remodeling occurs*. Higher-order genome
architecture further contributes to progesterone-mediated gene regulation. While
progesterone signaling activation does not globally reorganize topologically associating
domains (TADs), many progesterone-responsive genes are clustered within hormone-
responsive TADs, where genes tend to be co-regulated in a coordinated manner*s. This
suggests that TADs act as regulatory compartments that facilitate enhancer—promoter
communication in response to hormonal signals. Although considerable progress
has been made in identifying PR target genes and subsequent activation of cellular
functions, the molecular mechanisms that underlie PR’s engagement with the genome
remain incompletely understood. In particular, how PR signaling integrates with the 3D
genome organization to drive precise, context-dependent gene expression is an area
of active investigation.

Mammary gland development and physiology

The mammary gland is a unigue mammalian exocrine organ that primarily functions
to produce and secrete milk to nourish offspring. The mammary gland predominantly
develops postnatally and is capable of undergoing multiple cycles of expansion and
regression during pregnancy, lactation, and involution. At birth, a rudimentary epithelial
ductal tree originating from the nipple is embedded in the fat pad (Fig3, birth). Until
puberty, the mammary gland grows isometrically in proportion to overall body growth?,
During puberty, mammary ductal development accelerates under the influence of the
ovarian hormones estrogen (E2) and progesterone (P4). This hormonally driven process,
resulting in branching morphogenesis, is directed by terminal end buds (TEBs), which
form at the tips of invading ducts*-%°. TEBs contain highly proliferative cells that drive
elongation of the ductal tree, a process most active between postnatal days 28 and
42 (P28-P42, 4-8 weeks after birth) in mice®® (Fig3, puberty). When the growing
ductal tree reaches distal parts of the fat pad, TEBs regress®'. By the end of puberty,
the ductal network occupies approximately 60% of the fat pad, with additional space
reserved for further expansion during pregnancy®? (Fig3, adult virgin).

Upon sexual maturity, the mammary gland undergoes cyclical morphological changes
driven by fluctuating levels of E2 and P4 during the estrous cycle, leading to the
repeated formation and regression of short tertiary side branches®3%. Full blossoming
of the mammary ductal tree, however, occurs during pregnancy, when sustained high
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Fig3. lllustration of the different stages of mammary gland development

At birth the mammary fat pad only contains a rudimentary ductal tree (Birth). Under the influence of ovarian
hormones, this tree grows out into the fat pad during puberty. This outgrowth is directed by terminal end buds
(TEBS) (Puberty). At the end of puberty, the mammary ductal network has reached the periphery of the gland
(Adult Virgin). The mammary ducts consist of a bilayered epithelium of luminal and myoepithelial cells that are
surrounded by adipocytes and other stromal cells. During pregnancy, extensive side branching as well as the
formation of alveolar buds takes place (Pregnancy). In preparation for lactation, alveolar buds are transformed
into milk-secreting large lobuloalveolar structures (Lactation). Following weaning, the involution process is
triggered restoring the mammary gland to a pre-pregnancy state.

levels of E2 and P4 promote significant tissue remodeling. While E2 predominantly drives
ductal elongation during puberty*, P4 is critical during pregnancy for the induction of
extensive side branching and the formation of alveolar buds® (Fig3, pregnancy). In
preparation for lactation, P4 synergizes with prolactin, to promote the outgrowth/terminal
differentiation of alveolar buds into milk-secreting large lobuloalveolar structures®” (Fig3,
lactation). Following weaning, the mammary gland undergoes involution, a regression
process that restores the tissue to a pre-pregnancy state®® (Fig3, involution).

The adult mammary gland is composed of multiple cell types, including epithelial,
adipose, fibroblast, immune, and vascular (blood and lymphatic) cells. The ducts
are composed of a bilayered epithelium composed of apically oriented luminal cells,
encompassing both luminal progenitors and hormone-sensing mature luminal cells,
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and basally oriented myoepithelial cells (Fig3). Myoepithelial cells are able to contract
to help stimulate milk flow to the nipple during lactation®?. During pregnancy, the
luminal progenitor cells can rapidly expand and differentiate into alveolar cells that are
ready to secrete milk at parturition®. The main non-epithelial cell type present in the
mouse mammary gland are the adipocytes, which can serve as a fat reserve during
milk production®®" and provide endocrine functions® 62 (Fig3). Additionally, stromal
fibroblasts secrete growth factors and manage the composition of the mammary extra
cellular matrix®-% (Fig3). Extensive molecular and functional crosstalk exists between
these different cell types and populations at each of the developmental stages of the
tissue.

Progesterone signaling in the mammary gland

In the mammary gland, estrogen and progesterone receptors are predominantly
expressed in mature luminal, or hormone-sensing, epithelial cells. In the adult gland,
approximately 40% of ductal epithelial cells express PR, Notably, PR-positive cells
are largely non-proliferative and are interspersed among proliferative PR-negative
cells, suggesting that progesterone regulates epithelial expansion through paracrine
mechanisms®-%. Indeed, PR-positive cells translate systemic progesterone signals
into local paracrine cues that stimulate proliferation in neighboring PR-negative cells
and activate mammary stem and progenitor populations®. Two well-characterized
paracrine targets of PR in the adult mammary gland are Wnt4 and Tnsf171 (RANKL)3.70-73,
WNT4 primarily acts on myoepithelial cells by activating CTNNB1-dependent WNT
signaling, thereby promoting side branching during early pregnancy™, partly through
the maintenance and regulation of the stem cell pool™74. In contrast, RANKL is thought
to mainly signal to neighboring luminal progenitor cells to induce proliferation and is
essential for PR-driven side branching and alveologenesis®®’!. While we have decent
knowledge about the progesterone-progesterone receptor targets in the mammary
gland, the mechanisms by which progesterone regulates their expression at the
chromatin and DNA level remain incompletely understood.

Similarities and differences of the mouse mammary gland and human breast

The mouse mammary gland is a widely used model to study developmental mechanisms
due to its suitability for in vivo experimental manipulation. However, the relevance
of the mouse mammary gland as a model for the human breast is often questioned
due to physiological and anatomical differences between the two species. Indeed,
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there are notable differences, such as irregular estrous cycles in mice’, differences in
stromal composition”® and differences in hormone levels and hormone metabolism?”.
Nonetheless, the overall steroid hormone requirement, regulation and function during
development is conserved.

Until recently, gene expression profiling of E2 and P4 responses in mouse and human
models show poor overlap®, suggesting species-specific differences in downstream
hormonal response. However, as most human studies have relied on cultured breast
cancer cells in comparison to in vivo studies for normal, non-transformed mouse
mammary glands, these discrepancies may at least be partly explained by differences
in models used. More recently, short-term ex vivo studies using human breast tissue
have shown that progesterone-induced proliferation and downstream targets of
progesterone closely mirror those observed in the mouse mammary gland’®, suggesting
a stronger cross-species similarity than previously recognized®.

Aim and outline of this thesis

It has been nearly 95 years since progesterone was first discovered and characterized™.
Nowadays, its crucial role in the female reproductive system and mammary gland
development is well established. Yet, many fundamental questions remain unresolved,
and progesterone is just emerging from the shadow of its counterpart, estrogen. In
particular, the molecular mechanisms by which the progesterone receptor engages
with chromatin, cooperates with co-factors, and modulates target gene expression
within the context of 3D genome architecture remain incompletely understood. The
rapid development of advanced omics technologies now presents a unique opportunity
to address these open questions. The central aim of this thesis is to gain novel insights
into the chromatin-level mechanisms through which progesterone signaling regulates
its target genes. A second aim is to better understand how spatiotemporal gene
expression is regulated by enhancer sequences.

A major limitation in the field has been the lack of sensitive assays to detect and
visualize PR pathway activity. To address this, chapter 2 describes the development
of new tools for quantifying PR signaling, including optimized progesterone response
element (PRE) luciferase constructs and PRE-GFP reporters for single-cell imaging.
Additionally, we define optimized conditions and cell lines that allow robust detection
of PR activity and its downstream transcriptional response. We use these tools and
conditions in chapter 3, where we focus on the previously unexplored tissue-specific
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regulation of Wnt4, a key PR target gene in the mammary gland. We dissect and
compare the mouse and human enhancer landscapes controlling Wnt4 expression and
identify a 3D chromatin hub that governs its regulation. Our results reveal a critical
role for GRHL transcription factors in modulating Wnt4 expression, and we propose a
model of two-step priming and transcriptional regulation of Wht4 in both mouse and
human contexts. Chapter 4 extends this analysis to investigate the spatiotemporal
regulation of Wht4 across multiple mouse tissues, including the embryonic and adult
kidney and lung, in comparison to the mammary gland. We map the enhancer networks
that fine-tune Wnt4 expression and functionally interrogate the role of a conserved
enhancer element via in vivo deletion studies. In chapter 5, we identify GRHL2 as a
physical interactor and transcriptional co-regulator of PR. Through integrated genomic
and functional analyses, we unravel the coordinated transcriptional activity of PR and
GRHL2, illustrating how their cooperation, along with 3D genome architecture, shapes
PR-driven gene regulation. Finally, chapter 6 summarizes the findings of this thesis and
discusses their broader implications for understanding progesterone-mediated gene
regulation and enhancer biology.

Declaration of the use of generative Al

In this scientific work, no generative Al tools were used to generate content. During
the writing process, ChatGPT was used to improve writing style of the first draft. The
output was critically reviewed and partly re-written by the author. The author takes full
responsibility for the final text, content, claims and references in this work.
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