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In this thesis, we explored the chromatin-level mechanisms underlying progesterone-
driven gene regulation, with a particular focus on how enhancer elements orchestrate 
spatiotemporal control of target gene expression. Although progesterone signaling 
is essential for tissue development and homeostasis, the molecular processes by 
which the progesterone receptor (PR) engages with chromatin, cooperates with 
cofactors, and modulates gene expression within the 3D genome architecture remain 
incompletely understood. Moreover, studies that dissect the transcriptomic regulation 

to more accurately measure PR signaling (Chapter 2). We then explored the tissue- 
Wnt4 by functionally dissecting and 

comparing the (PR-responsive) Wnt4 enhancer landscape in the mammary gland, lung, 
and kidney (Chapters 3 and 4). Finally, we identify GRHL2 as a key co-regulator of PR 
and dissect how PR and GRHL2 co-regulate gene expression within the context of 
3D genome organization (Chapter 5). Together, these studies provide novel insights 
into how progesterone signaling operates at the chromatin level to regulate gene 
expression. They also uncover the complexity of enhancer logic that governs tissue-

implications of the research presented in this thesis and highlight remaining questions 
and future research opportunities. 

Advancing the toolkit for progesterone receptor signaling: challenges and 
opportunities
As outlined in chapters 1 and 2, progesterone and the progesterone receptor (PR) 

Consequently, fewer dedicated tools are available to investigate PR signaling, and 
therefore our molecular understanding of how progesterone regulates cellular processes 
remains incomplete.

To address this knowledge gap, chapter 2 presents new strategies for measuring PR 

level of PR expression is needed for proper PR signaling measurements. Additionally, 

sensitivity in PR activity assays. Moreover, we developed and characterized novel PRE-
driven luciferase reporters. Among these, the 4xPRE-luciferase reporter proved to be 
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the most sensitive and consistent tool for detecting exogenous PR activity. We also 
generated PRE-GFP reporter constructs to visualize PR signaling at the single-cell 
level. Both reporter systems respond to physiological concentrations of the synthetic 
progestin R5020 and reveal the strong context dependency of PR signaling. Together, 

facilitate further investigation into the molecular mechanisms of PR action. In fact, the 
optimized culture conditions, cell models, and reporter assays developed in chapter 
2 were essential for enabling the new insights described in chapters 3 and 5 and our 
constructs that are available on Addgene are frequently requested by the community. 

Beyond the availability of molecular tools, a major limitation in PR research is the lack 
of suitable in vitro models1. Currently, no PR-responsive mouse mammary epithelial cell 
lines exist, and only two frequently used human PR-responsive breast cancer cell lines, 

of normal, non-transformed PR responsive breast epithelial cells. Non-transformed PR-
responsive human breast or mouse mammary epithelial cells do not exist yet, likely due 
to the rapid loss of hormone receptor expression during in vitro culture of both mouse 
and human primary mammary epithelial cells. In our own experiments, we even noticed 
that PR target gene expression was already reduced during epithelial cell extraction, 
prior to actual culturing. This resulted in a lack of induction of PR targets such 
as Wnt4 and Tnfsf11 (RANKL) in pregnant mouse mammary samples, even though 
these genes were clearly induced when measured in whole tissue samples (Chapter 
4). This highlights the urgent need for non-transformed, PR-responsive human breast 
epithelial cell lines, as well as models representing the full diversity of epithelial subtypes 
in the breast. 

As an alternative to cell lines, recent progress in the mammary and breast organoid 

culture protocols now allow organoids to maintain expression of PR and, under certain 
conditions, enable experimental induction of PR target genes2–7 (Chapter 4). In our 
studies, mouse mammary organoids responded to R5020 stimulation; however, the 
magnitude and consistency of the response varied considerably. Also, human breast 
epithelial organoids still exhibit extreme variability, both between donors and between 
organoids derived from the same donor8 (unpublished work from our lab). While 
organoids hold great promise as models for studying PR signaling, current protocols 
require further optimization to ensure reproducibility and physiological relevance.
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Deciphering Wnt4
and cell lines
In chapters 3 and 4, we explored the spatiotemporal regulation of Wnt4 across the 

detailed studies to map the regulatory landscape of a single gene across multiple tissues 
and developmental contexts. In chapter 3, we focused on the postnatal mammary 
gland and described the mapping and functional dissection of the mouse and human 
mammary Wnt4 enhancer repertoire. While multiple enhancers appeared species-

CTCF-binding site and stably loops to the Wnt4 promoter in both mouse and human 
cells. This enhancer appears to facilitate formation or maintenance of a chromatin hub 
that bridges the linear distance between distal (progesterone-responsive) regulatory 
elements and the Wnt4
but both converge on this chromatin hub in 3D space to jointly regulate Wnt4 expression.

In chapter 4 chapter 3 
to map the Wnt4 regulatory landscape in two additional tissues: the kidney and the 
lung. This analysis included both adult tissues and embryonic developmental stages, 

and 8 lung enhancers, all distributed throughout the Wnt4 TAD. The majority of these 

Chapter 
4). Importantly, the CTCF-mediated looping interaction observed between mgCRS4 
and the Wnt4 promoter in the mammary gland is also predicted to be present in the 
embryonic lung and adult kidney.

Because mgCRS4 overlaps with kCRS5 and luCRS4, we leveraged our mgCRS4 in 
vivo enhancer knockout mouse model (Chapter 3) to assess the functional importance 
of this element in all three tissues. In the mammary gland, mgCRS4 deletion had no 

Wnt4 expression, even when tested across multiple developmental 
timepoints and under diverse exogenous hormone treatments (Chapter 3 and 4). 
Similarly, in the kidney, Wnt4 expression was unchanged at both E14.5 and in the adult. 

a trend toward decreased expression was observed. However, in the E14.5 lung, 
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homozygous luCRS4 Wnt4 expression 

Despite this change in gene expression, no overt phenotypic abnormalities were 
observed in gross embryonic or adult lung morphology and function.

to two, non-mutually exclusive mechanisms. First, although mgCRS4/kCRS5/
luCRS4 forms a stable, CTCF-mediated loop with the Wnt4 promoter, likely bringing 
distal regulatory elements into proximity, this interaction may not be strictly required for 
enhancer-promoter communication. CTCF is known to stabilize such interactions and 
promotes robust gene expression in other contexts9, but its loss does not always result 
in substantial expression changes10–12. Indeed, previous studies have shown that CTCF 

10–12. Moreover, 
essentially even so-called ‘stable’ CTCF-CTCF loops are generally rare, occurring 
only a few percent of the time13, suggesting that deletion of the CTCF-mediated loop 
within the Wnt4 TAD may increase expression variability rather than abolish expression 
altogether. Although we did observe high variability in Wnt4 expression, it remains 

deletion or is driven by technical or biological noise.

Second, enhancer redundancy may compensate for the loss of mgCRS4/kCRS5/
luCRS4. This phenomenon, wherein multiple enhancers function cooperatively or 
redundantly to maintain robust transcriptional output, is well-documented14. This limited 

expression at later developmental stages therefore likely explain the lack of anatomical 
or physiological abnormalities in homozygous animals. Our in vivo data also suggest 
that Wnt4 expression is tightly regulated and only modestly inducible, up to ~2.5-fold 
during early pregnancy or following extended progesterone exposure, whereas other 
PR target genes such as Tnsf11 (RANKL) and Rspo1 were induced ~12-fold and >40-
fold, respectively (Chapter 4
changes in Wnt4
mammary gland. However, whether increased Wnt4 levels lead to enhanced side-

ectopic expression15,16.
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Given the marginal expression changes and high variability observed in our in vivo 

deletion are being masked – or that the critical experiment is yet to be performed. 
Additionally, Wnt4

analyses. Of course, this would also further complicate the interpretation of enhancer 
function in vivo. Although including additional timepoints and replicates could help 

sizes, this would require substantially more animals, which raises ethical and practical 
concerns.

In contrast to the in vivo situation, Wnt4 induction was robust in cell lines with high PR 
expression. In human MCF7/PR and T47DS cells, Wnt4 expression can be increased 
up to ~5-fold (although on average it is also most often in the 2-fold range), and baseline 
expression is also high in the non-PR-responsive mouse BC44 cell line (Chapters 2 and 
3). In chapter 3, we generated mgCRS4 enhancer knockouts in both the mouse BC44 
mammary cells and human MCF7 breast cancer cells. While the deleted sequences 

MCF7, the CTCF site as well. Notably, both models exhibited functional, if slightly 
Wnt4 expression was reduced ~2-fold in BC44 cells, 

and progesterone-induced Wnt4 expression was abolished in MCF7 knockouts. We 

cell lines and the in vivo models based on our current data. However, cultured cells 
in vivo counterparts in cell identity, signaling environment, 

activity, chromatin-modifying enzymes, and even chromosomal composition likely 
underlie the observed divergence in Wnt4
aside, it seems that on the one hand full progesterone responsiveness may require 
multicellular interactions17, while on the other hand an intact developmental context and 

critical to ensure developmental robustness in vivo18. 
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In recent years, genome-wide technologies—genomics, epigenomics, transcriptomics, 
metabolomics, and proteomics, collectively referred to as omics approaches, have 

in public repositories, such as the NCBI Gene Expression Omnibus (GEO, https://www.
ncbi.nlm.nih.gov/geo/), either in raw or processed formats. In addition, larger initiatives 
such as the Encyclopedia of DNA Elements19 (ENCODE, https://www.encodeproject.
org) and ChIP-Atlas20 (https://chip-atlas.org) curate and re-analyze collections of 
datasets and make them available in multiple formats. Numerous research groups 
also dedicate time to developing user-friendly online tools that allow other researchers 
to easily explore these datasets with a user-friendly interface and to generate new 
hypotheses21.

Although data sharing has clear theoretical and practical advantages, in reality, 
researchers still often prefer to generate their own datasets. As a result, public datasets 
remain underused, and their integration into new projects is limited. The majority of 
contemporary research papers include newly generated omics data, yet too frequently 
only a few top candidates are followed up, or relatively narrow questions are addressed. 
Consequently, a wealth of existing data remains largely unexplored, even though they 

In chapters 3, 4, and 5, we actively leveraged public omics resources, downloading a 
wide range of datasets from NCBI GEO, ENCODE, ChIP-Atlas and other repositories 
in both raw and processed formats. However, using these datasets came with multiple 

currently exist. Analysis pipelines vary greatly between studies, and as computational 

22. Furthermore, 
in many cases, the documentation and metadata accompanying deposited datasets 
is incomplete, unclear, or missing altogether, which hampers reproducibility. Processed 

for further analyses. Additionally, not all researchers have the necessary bioinformatics 



231General discussion    |

6

expertise or access to computational infrastructure required to process raw data 

we strongly advocate that researchers depositing data in public repositories indeed 
strive to work according to FAIR data principles, such that their data are indeed suitable 
for re-analysis and re-use.

Even when properly documented and stored, technical or biological hurdles can emerge. 

31 PR ChIP-seq datasets from ChIP-Atlas20, all generated in T47D cells, and analyzed 

looked for common peaks across all datasets by counting the number of datasets in 
which a certain peak was called.

Fig1. Peaks of 31 publicly available PR ChIP-seq datasets poorly overlap
Bar graph depicting the ChIP-seq peak overlap of 31 publicly available PR datasets downloaded from ChIP-
Atlas20. Peaks were defined as overlapping if they shared at least one base pair. Percentage of peaks was 
calculated using the accumulative number of peaks of the 31 ChIP-seq datasets. 
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We were initially surprised by the low overlap between datasets, even among replicates 
from the same experiment. Notably, approximately 20% of peaks were found in only one 
of the 31 datasets, and ~71% were present in fewer than one-third of them (<10 of the 
31 datasets) (Fig1). This low reproducibility has also been noted for CUT&RUN analysis 
and inspired the development of the ICEBERG method, which uses a large number of 
replicates to discover true binding events23. Of course, when using publicly available 
data, despite the common target (here: PR), cell line (here: T47D) and analysis pipeline 

and concentrations used for stimulation, cell culture media, treatment durations, and 
other experimental parameters. These factors invariably contributed to the variability 
we observed but still, this variability is concerning, complicates downstream analyses 
and raises critical questions about data reliability: which peaks can be considered 
“true”? Which dataset should one prioritize for analysis? And what biological 
conclusions can be drawn from a peak observed in a single dataset? Because of the 
inherent variability, it is tempting to generate your own dataset to be ‘certain’ of the PR 

replicates show minimal overlap23, does this not simply add to the growing collection 
of poorly reproducible data? Also, what drives this lack of reproducibility? Are these 
limitations intrinsic to the techniques, or is the biology even more dynamic than we 

answered at present. Ultimately, for chapter 5 we selected a ChIP-seq dataset that 
came from the same cell type, was stimulated with the same physiological R5020 
concentration as we used for our RNA-seq and came from the same lab as the PR 
HiChIP dataset we used.

by the challenges just mentioned. The development and adoption of standardized 

researchers to deal with the above-mentioned challenges and not cast aside, but make 
greater use of existing datasets, at least for hypothesis generation, instead of defaulting 
to the generation of new datasets for every project or publication. Additionally, during 

which opened many doors in my research. This not only enabled me to re-analyze 



233General discussion    |

6

how I interpret the results presented in other studies. In my opinion, a basic level of 
bioinformatic literacy is becoming essential for modern biological research and should 
be more prominently integrated into academic training. 

Transcription factor dynamics downstream of progesterone signaling
In chapter 3 GRHL2 expression, 
suggesting that PR may regulate the expression of its own co-regulators. In the 
same chapter, we presented a set of 44 transcription factors with expression levels 
that correlated positively with chromatin accessibility of their respective binding motifs 
in human breast cells. To narrow down this list, we focused on transcription factors 
restricted to the luminal lineage, resulting in seven candidates, including GRHL1 
and GRHL2, which we explored further (Chapter 3). Later, using RNA-seq in T47DS 

Fig2. Progesterone regulates a wide array of breast related transcription factors
Heatmap of bulk RNA-seq data from T47DS human breast cancer cells, showing unsupervised clustering and 
expression changes of 44 candidate WNT4 regulatory transcription factors in response to treatment with 
R5020 for either 4 or 24 hours. Expression values depicted as z-scores for n=3 replicates.
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cells, we tested whether these seven luminal cell-restricted transcription factors were 
directly regulated by progesterone signaling. We found that all seven candidates 
responded directly to PR activation: SOX9, GRHL1, and GRHL2 were upregulated, 
whereas FOXA1, ESR1, EHF, and ELF3 were downregulated. This begs the question 
whether additional transcription factors from the original group of 44, those not 
necessarily luminal-enriched, might also be regulated by PR. 

and motif-accessible in human breast cells, shows that, in addition to GRHL1, GRHL2, 
and SOX9, several other transcription factors are also directly upregulated following 
four hours of progesterone treatment, including GATA2, FOXO4, FOXK1, TFCP2L1, 
TEAD1, and CEBPD (Fig2). Moreover, FOXO4, FOXK1, TFCPL1, TEAD1, and CEBPD 
remain elevated after 24 hours of treatment (Fig2). Conversely, NR2F1, TP73, NR4A1, 
and GRHL3 are directly downregulated (Fig2). These factors may thus play previously 
unrecognized roles in the transcriptional response to progesterone in the mammary 
gland and are worthy of follow up. Of particular interest, TEAD1 is not only regulated by 
PR but TEAD motifs were also enriched under GRHL2 ChIP-seq peaks as well as under 
PR/GRHL2 co-bound regions (Chapter 5), suggesting potential crosstalk between 
PR, GRHL2, and TEAD factors (Fig2). It is important to note that while the RNA-seq 
data were obtained from the T47DS breast cancer cell line, the initial expression and 
motif accessibility data were derived from tissue-derived human breast cells. As such, 

cooperation? 
Following our observations in chapter 3 that both PR and GRHL2 regulate Wnt4, we 
further explored the genome-wide co-regulatory mechanisms between PR and GRHL2 
in chapter 5. We demonstrated that PR and GRHL2 physically interact independent 
of progesterone and co-regulate target genes by binding distal enhancer regions that 
engage in long-range chromatin looping. A similar mechanism has been described 
for ER and GRHL224–26, supporting a broader role for GRHL2 as a pioneering factor 
involved in both estrogen and progesterone signaling. In physiological settings such as 
the estrous/menstrual cycle and pregnancy, periods of high estrogen and progesterone 
levels overlap. This raises key questions: how is GRHL2 distributed between ER and PR 
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during dual hormone exposure (Fig3A)? Do ER and PR share additional co-factors and 
are these distributed in a similar manner? How do PR and ER modulate each other’s 
activity under these conditions? How does protein complex composition and enhancer 
occupancy change with rising and falling levels of estrogen and progesterone? More 
broadly, do steroid hormone receptors generally share pioneering factors or other co-
factors? While these questions remain to be fully resolved, they point to a fascinating 
area of hormone regulated gene expression with potential implications for breast cancer 
biology. 

One intriguing question is if ER and PR physically interact. Prior studies have shown 
that PR and ER can interact in the presence of both hormones27,28. Upon estrogen 
presence, additional progesterone treatment can redirect ER to PR binding sites, 
thereby reshaping the gene regulatory landscape in favor of progesterone responsive 
transcription28,29. This observation has led to the idea that PR activation, in the presence 
of estrogen, antagonizes estrogen signaling28,30,31, possibly by also sequestering shared 
co-factors such as GRHL2 in addition to ER itself (Fig3B). However, other reports 
suggest that progesterone can promote estrogen signaling32, whereas no clear 
changes in estrogen responsive gene expression have been reported, and studies 

rather than normal breast physiology28,29,33,34. Nonetheless, hormone receptor interplay 
is not unique to PR and ER. Other nuclear hormone receptors, such as the androgen 
receptor (AR)35 and glucocorticoid receptor (GR)36, are also reported to modulate ER 
function37. For instance, in dual estrogen-androgen stimulatory conditions, ER can be 

breast tissue35. Additionally, PR/GR interaction and interplay has been described in 
dual progesterone and glucocorticoid conditions38. This highlights the need for a better 

tissue in general, with PR still being particularly understudied.

Relatively little is known about how pioneering factors and co-regulators behave under 
dual hormone conditions. GRHL2 is a known shared pioneering factor of PR (Chapter 
5) and ER24–26, and the luminal pioneering factor FOXA1 is a shared between ER and 
AR39–41. While it is clear that hormone receptors share transcriptional co-regulators, it 
is not yet established whether the presence of multiple hormones leads to exclusion of 
one receptor from key interactions, or whether co-factors are bound simultaneously 
(Fig3C). The latter scenario seems more plausible, as it would allow for rapid switching 
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between transcriptional programs in response to changing hormonal cues. In such 
a model, ER, PR and other hormone receptors may dynamically divide access to a 
limited pool of shared co-factors, modulating each other’s activity through competitive 
binding. Our own hormone-depleted RIME and co-immunoprecipitation experiments 
revealed a robust interaction between PR and GRHL2, while no interaction between 
ER and GRHL2 was detected under either these unstimulated conditions or upon 
progesterone treatment (Chapter 5). This suggests that PR–GRHL2 may represent 
a default interaction, which is possibly maintained in the presence of both hormones. 
In contrast, under estrogen stimulated conditions, ER may potentially displace PR 

systematic immunoprecipitation assays across a range of hormonal conditions to dissect 
the dynamics of receptor–co-factor associations, as well as a better understanding of 

concentrations in 3D chromatin space allow them to be detected as such, as depicted 
in our working model for Wnt4 gene regulation in chapter 4. 

In summary, nuclear hormone receptors frequently rely on shared pioneering factors 
and transcriptional co-regulators, such as GRHL2, to orchestrate gene regulatory 
programs. However, exposure to multiple hormones may reallocate these co-factors, 
directing them to distinct target genes based on the hormonal context. This redistribution 
may serve as a key mechanism through which hormone receptors co-operate and 

are simultaneously engaged by multiple receptors or selectively reallocated. Exploring 
these scenarios is critical to understand how hormone signaling networks shape gene 
expression in health and disease.

Fig3 (right). Models for hormone receptor interactions and sharing of co-factors 
A) Model where PR and ER interchangeably interact with GRHL2 and other cofactors depending on the 
hormones present. Chapter 5 lends support for the existence of a GRHL2/PR/co-factor complex in both 
the absence and presence of progesterone. B) Model for PR antagonization of ER on the DNA level. In the 
presence of estrogen (E2), ER and GRHL2 are bound to estrogen responsive elements (ERE) activating ER 
target genes. Upon progesterone (P4) addition, activated PR can sequester ER and GRHL2, redirecting it to 
progesterone responsive elements (PRE) and activating PR regulated genes. C) Generalized model where 
hormone receptors interact with pioneering factors and co-factors. The remaining question is if whether the 
presence of multiple hormones leads to exchange of the hormone receptors binding to the pioneering factor 
(left) or whether pioneering and co-factors are bound simultaneously (right).
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Linking enhancers and transcription factors to their target genes: challenges 
and future directions 
In chapters 3, 4, and 5, we aimed to identify enhancers and link them to their target 
genes. When focusing on a single gene, such as Wnt4 in chapters 3 and 4, we 

is located. Within this region, candidate enhancers were selected based on chromatin 
accessibility (ATAC-seq/DNase-seq) and enrichment for the active enhancer mark 
H3K27ac, a commonly used approach19, also in genome-wide studies. However, 

remained a major challenge. Many studies still assign enhancers to the nearest gene 
42. This 

approach is far from accurate, as it is now well-established that enhancers can act 
over large genomic distances, where 33–73% of enhancers are estimated not to 
regulate their nearest gene43–45. In this context, accurate prediction of enhancer–
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High-resolution chromatin conformation capture techniques, such as Hi-C, 5C, ChIA-

enhancer–promoter interactions. Yet still, these methods come with limitations. High 
resolution is required to identify DNA-DNA interactions beyond general chromatin 

provide valuable insights into transcription factor involvement at enhancer–promoter 
loops, but they are limited to a single factor per experiment. This restricts our ability 
to assess co-involvement of DNA-DNA loops, which is critical since transcription 
factors rarely act alone. Furthermore, physical DNA interactions do not necessarily 
imply transcriptional activity. For example, stable CTCF-mediated enhancer–promoter 
loops are often present even in cell types where the associated gene is inactive (as 
shown in chapter 3). Therefore, to be able to determine if an enhancer promotor loop 
is functional, chromatin interaction data should always be interpreted in conjunction 
with gene expression data.

In chapter 3, we used a multi-faceted approach, combining reporter assays, dCas9-
based perturbations, 4C, bioinformatic loop predictions, and enhancer knockouts, 
to functionally link candidate enhancers to Wnt4. While this strategy yielded valuable 
insights, (combinations of) enhancer knockouts remain the most conclusive to 

straightforward. It is time-consuming and labor-intensive and as discussed above while 
in vivo (Chapters 3 

and 4). Redundancy and developmental robustness complicate the interpretation of 
single enhancer knockouts and necessitate multiple mouse models with combinatorial 
enhancer deletions—an approach that is not only costly and time-consuming but also 
will continue to require animal experiments. At the same time, the limited conservation 
of individual enhancer sequences between mice and humans underscores the need for 
additional, physiologically relevant human model systems as well.

Emerging tools such as CRISPR-based dCas9 systems designed to block transcription 

46 but these 
methods have still not been widely adopted. In addition, epigenetic editing, an area 
of growing interest47
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gene regulation. To understand the mechanisms of enhancer regulation, ChIP-seq 
remains an invaluable tool for mapping transcription factor–DNA interactions. However, 

across many cells. Moreover, if we are interested in co-regulation or collaborative 
binding between multiple factors, two separate ChIP-seq datasets do not tell us 
whether the factors co-bind the same site, bind simultaneously, or even bind in the 
same cell. Addressing these questions would require single-cell ChIP-seq technologies 
that can measure multiple factors concurrently, something that does not yet exist but 
may become feasible given the rapid advances in single-cell methods.

A further challenge arises when we slightly shift the question: instead of asking whether 

In chapter 3, we used a bioinformatic pipeline to predict potential regulators of Wnt4, 
resulting in a list of candidate factors. From this list, we focused on GRHL factors, 
inspecting ChIP-seq data and performing overexpression and knockdown experiments 

we would have a direct, unbiased method to identify the full complement of proteins, at 
48. One existing technique for this is genomic locus proteomics 

49,50. In theory, this method is very 

many of our colleagues have experienced that this technique lacks robustness and 
reproducibility, limiting its current utility. A more reliable, and ideally higher throughput 
version of this approach could open a new frontier in studying enhancer regulation. 

loci in real time51 are likely to become invaluable tools. Such approaches could help 
capture the dynamic nature of transcription factor binding and enhancer–promoter 
interactions—phenomena that are far more dynamic than static, population-averaged 
methods like ChIP-seq and chromatin capture tend to suggest. As these technologies 
continue to evolve, they will allow us to better understand the temporal and spatial 
dynamics of enhancer function and gene regulation.
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Concluding remarks
In this thesis, we shed light on the chromatin-level molecular mechanisms of 
progesterone-driven gene regulation. We developed tools and optimized culture 
conditions to accurately measure and visualize progesterone receptor signaling activity. 

our own work and will provide a valuable resource for others investigating outstanding 

of the Wnt4 enhancer landscape across the mammary gland, kidney, and lung. This 
Wnt4 

are established, but we also had the unique opportunity to compare enhancer sets 
We found that 

while Wnt4
largely conserved. Moreover, we demonstrated that Wnt4 is co-regulated by both PR 
and GRHL factors and further explored the genome wide functional interaction of PR 

GRHL2 and showed that these transcription factors physically interact and co-regulate 
gene expression through binding to distal regulatory elements that loop to their target 
gene promoters.

With PR gaining more attention, and in light of the rapid advancements in chromatin 

an exciting era in enhancer biology. These technological innovations, combined 

chromatin-level mechanisms that drive progesterone-responsive gene regulatory 
networks. In the years ahead, we can expect to gain critical insights into the complexity, 

mechanisms of individual genes.
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