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Progesterone receptor (PR) signaling is required for mammary gland development and 
homeostasis. A major bottleneck in studying PR signaling is the lack of sensitive assays 
to measure and visualize PR pathway activity both quantitatively and spatially. Here, 
we develop new tools to study PR signaling in human breast epithelial cells. First, 
we generate optimized Progesterone Responsive Element (PRE)-luciferase constructs 
and demonstrate that these new reporters are a powerful tool to quantify PR signaling 
activity across a wide range of progesterone concentrations in two luminal breast 

reporter as a novel tool to visualize PR signaling at the single-cell level. Our reporter 
constructs are sensitive to physiological levels of progesterone. Second, we show 
that low background signaling, and high levels of PR expression are a prerequisite for 
robustly measuring PR signaling. Increasing PR expression by transient transfection, 
stable overexpression in MCF7 or clonal selection in T47D, drastically improves both 
the dynamic range of luciferase reporter assays, and the induction of endogenous 

tools allow a more rationally designed approach for measuring PR signaling in breast 
epithelial cells. 
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Hormone signaling, Progesterone, PR, WNT4, RANKL, reporter constructs
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Introduction
The ovarian hormones estrogen and progesterone are essential for the dynamic 
regulation of mammary gland development and function1–4. Although estrogen signaling 
has received most attention, recent discoveries suggest that progesterone signaling 
plays a previously underappreciated role in breast cancer2–5. The progesterone signaling 
cascade is active in hormone-sensitive luminal cells, where it regulates a number of 
critical cellular processes that include the activation of paracrine signaling pathways to 
induce cell proliferation6,7. How exactly progesterone regulates these processes is still 
incompletely understood.

The progesterone receptor (PR) is a member of the nuclear hormone receptor 
subfamily that also includes the estrogen receptor (ER), mineralocorticoid receptor 
(MR), glucocorticoid receptor (GR) and androgen receptor (AR)8. The natural PR ligand, 
progesterone (P4), is a systemic hormone that functions at concentrations ranging 
from ~50 - 350 pM during menopause up to 1 M during pregnancy2,9. As with all 
nuclear hormone receptors, progesterone signals by binding to its receptor, PR, which 
leads to dimerization and nuclear translocation of the hormone-bound receptor. Once 

part of a larger transcription factor complex to regulate a PR-responsive transcriptional 
program6,9. Hormone receptor positive luminal breast cells express two PR isoforms, 
PR-A and PR-B, which are both encoded by a single PGR gene10,11. Being transcribed 
from the proximal start codon, PR-B is 933 amino acids in length. PR-A is transcribed 
from an alternative, more distal, start codon and consequently lacks the N-terminal 164 
amino acids. As a result, both isoforms contain a progesterone-binding pocket and a 
DNA binding domain, but only PR-B contains the transactivation domain that drives 
PR-dependent gene regulation12. Together, PR-A and PR-B are responsible for overall 
PR signaling activity11. 

Despite the fact that progesterone was discovered more than 90 years ago and PR 

mechanisms of PR signaling and PR-driven transcriptional activation in the breast 
epithelium6,13–16. This will be essential, however, in order to understand the role of PR in 
in mammary gland biology during health and disease. 

Several factors currently hamper progress in studying PR signaling. A major hurdle that 
has yet to be taken is the generation of non-transformed, PR-positive breast cell lines, as 
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primary breast epithelial cells typically lose hormone receptor expression when cultured 
in vitro17. Primary 3D cultures of normal human breast organoids grown in Matrigel that 
were reported to contain cells with PR expression were unable to induce expression of 
known PR target genes, including WNT4 and TNSF11 (RANKL)7. Fresh ex vivo culture 
of primary human breast tissue fragments did reveal a preserved hormone response15, 
but this culture system is transient, not easily scaled and incompatible with longer term 
experiments. As a result, most insights into PR signaling have been acquired using 
the PR-positive luminal breast cancer cell lines MCF7 and T47D. Even these studies 

PR signaling. For instance, variable progesterone-induced transcriptional responses 
measured by qRT-PCR have been reported15,17, and the few available PRE luciferase 
reporter constructs show low inducibility and high response variation18–21. Furthermore, 
most in vitro studies have used (synthetic) progesterone concentrations in the nM 
range to study the molecular mechanisms of PR signaling. The question therefore 

physiological progesterone concentrations. 

Here, using MCF7 and T47D cell lines, we test and optimize existing approaches to 

tools to measure PR signaling activity robustly and quantitatively in either a population-
based setting or with single cell resolution. We describe optimized conditions that allow 
robust detection of endogenous PR target gene induction. Taken together, this work 

in the near future.

Results

PR localization is an imperfect indicator of PR signaling activity 
According to the textbook, nuclear hormone receptors – including PR – are 
predominantly located in the cytoplasm in the absence of ligand, while dimerization 
and nuclear translocation occurs upon hormone binding. Although this dogma has 
been challenged8, immunostaining for PR is frequently used to detect PR expression 
in healthy mammary epithelial or breast cancer cells6,22,23. We reasoned that if PR 
relocalization indeed occurs in response to progesterone stimulation, quantifying the 
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measure of PR signaling activity. 

To test this assumption, we visualized endogenous PR protein in MCF7 and T47D 
breast cancer cells in response to treatment with the synthetic progestin and PR 
agonist R5020 (Fig1). In agreement with other reports24, we found that PR was already 
predominantly located in the nucleus in unstimulated conditions, although we observed 
a large variance in nuclear intensity between individual cells in both MCF7 as well as 
T47D cells (Fig1A-D). Qualitatively, R5020 treatment led to an increase in perceived 
staining intensity, but quantitatively we only measured an average 1.20-fold (MCF7) and 
1.32-fold (T47D) increase compared to unstimulated cells, while variance remained in 
the same range (Fig1C,D). Treatment with the PR antagonist RU486 did not prevent 
PR from translocating to the nucleus either in the absence or presence of R5020 (mean 
nuclear PR intensity 1.27-fold increase compared to control in both MCF7 and T47D 

Fig1. Quantitative measurements of nuclear PR abundance
A-B) Representative confocal microscopy images showing endogenous PR expression detected by 
immunofluorescence staining of MCF7 (A) or T47D (B) cells treated with ethanol (EtOH, control), 20 nM R5020, 
or 20 nM R5020 and 100 nM RU486 for 2 hours. C-D) Quantification of the mean nuclear intensity of the PR 
staining in MCF7 (C) or T47D (D) cells treated as in (A) and (B) (nuclei were segmented using the DAPI signal (not 
shown)). Each datapoint represents a single nucleus, black bars represent the mean intensity (250-400 cells 
per condition from n=2 independent experiments).
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cells) (Fig1C,D). We observed the same pattern using the hormone-depleted medium 
conditions described in the next section (data not shown). From this, we conclude that 
nuclear accumulation of PR, while physiologically relevant, is a suboptimal readout 
for quantifying PR signaling activity. Because PR-A and PR-B have been reported to 

25, and in the 
26, we therefore deemed it prudent to 

invest in more robust tools to quantitatively measure the activity and strength of the PR 
signaling response.

PR expression levels determine the strength of the PR signaling response

measuring signaling activity at the transcriptional level. This method has also been used 
for PR signaling, but the inducibility of existing PRE luciferase constructs is relatively low 
and varies considerably between cell lines18–21,27–29. Therefore, we set out to optimize a 
dual luciferase reporter assay to quantify PR signaling activity in MCF7 and T47D cells.

We started with a previously generated construct that contains two consensus PR 
binding sites (2xPRE) upstream of a minimal thymidine kinase (TK) promoter21,30 (Fig2A). 

signal in response to treatment with 20 nM R5020 (Fig2A). Including two additional PR 
binding sites (4xPRE) did little to improve detection (Fig2A-B). Since endogenous PR 
levels are relatively low in MCF7 cells31 (SupFig1), we hypothesized that increasing 
PR expression might result in a stronger response. Indeed, co-transfection of a PR 
expression plasmid improved the dynamic range of both the 2xPRE and the 4xPRE 

100-fold in response to R5020 treatment (Fig2B
since treatment with both R5020 and RU486 abolished the luciferase signal in both -PR 
and +PR conditions (Fig2B).

Therefore, PR co-transfection was used for all further experiments with wildtype MCF7 
cells unless noted otherwise. Of note, PR co-transfection did not improve the dynamic 
range of our PRE luciferase reporters in T47D cells (Fig2C). Even without PR co-

up to 100-fold (Fig2C, 4xPRE). This is in line with the fact that endogenous PGR 
expression in T47D cells is more than 8-fold higher than in MCF7 cells (SupFig1). In 
both MCF7 (+PR) and T47D lines, the newly generated the 4xPRE reporter showed 
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reporter (Fig2B-C).

For routine passaging, we cultured cells in phenol-red containing DMEM supplemented 
with 10% FBS. Since serum contains hormones32, phenol red is known to be a weak ER 
agonist33 and PGR is a known ER target gene10, we reasoned that this might increase 
the baseline activity of our PRE reporters (and thus the background signal of our 
reporter assays) either directly or indirectly. To further improve the dynamic range of our 
PRE reporter assays, we therefore optimized the experimental medium conditions. In 
both MCF7 and T47D the use of charcoal stripped serum and phenol-red free medium 
either alone or in combination, improved the signal to noise ratio of our 2xPRE and 
4xPRE reporters (Fig2D-E). Because our MCF7 cells were less viable in phenol-red 
free medium, which is in line with the fact that they are known to be ER-dependent34, 
we chose regular phenol-red containing DMEM supplemented with 5% stripped FBS 
as the medium for all subsequent experiments. 

We next aimed to obtain MCF7 and T47D cell lines that stably expressed high levels of 
PR. For MCF7, we integrated a lentiviral PR overexpression construct to create MCF7/
PR. For T47D, we obtained a subclone that had previously been selected for high PR 
expression, named T47DS35. When both cell lines were assayed for PGR expression 
levels, the MCF7/PR cell line showed ~6.5-fold higher PGR expression than our 
original MCF7 cell line, whereas T47DS expressed PGR at ~3-fold higher levels than 
the parental T47D (SupFig1). As hypothesized, MCF7/PR and T47DS also showed a 
higher maximum luciferase signal compared to MCF7 and T47D (up to 350-fold and 
600-fold induction of the 4xPRE reporter by R5020, respectively (Fig2F-G).

Fig2 (previous page). PR expression levels determine the strength of PRE-luciferase activity in MCF7 
and T47D cells 
A) Schematic representation of PRE constructs used in our dual luciferase assays. B-C) Relative luciferase 
activity of 2xPRE and 4xPRE-luciferase reporter constructs in MCF7 (B) or T47D (C) treated with EtOH 
(control, blue), 20 nM R5020 (pink), or 20 nM R5020 and 100 nM RU486 (green) with (+) or without (-) PR 
co-transfection. Treated values are normalized for each condition over its own EtOH control. Every datapoint 
represents one biological experiment (n=3). Bars show the mean of the replicates. Error bars represent the 
standard deviation (SD) of the biological replicates. D-E) Relative luciferase activity of 2x/4xPRE-luciferase 
constructs in indicated medium for MCF7 (+PR) (D) or T47D (E) treated with EtOH (control, blue), 20 nM R5020 
(pink). PRF = phenol red free. F-G) Relative luciferase activity of 2x and 4xPRE-luciferase constructs treated 
with EtOH (control, blue), 20 nM R5020 (pink), or 20 nM R5020 and 100 nM RU486 (green) for MCF7/PR (F) or 
T47DS (G) cells. Treated values are normalized for each condition over its own EtOH control. Every datapoint 
represents one biological experiment (n=3). Bars show the mean of the replicates. Error bars represent the SD 
of the biological replicates.
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Endogenous PR target gene inducibility correlates with PR expression levels 
Having generated and selected MCF7 and T47D cell lines and culture conditions that are 

and how our readouts with exogenous reporter constructs translated to endogenous 
target gene induction. The literature reports variable induction of presumed direct 
PR target genes in PR-expressing cell lines in response to progesterone or R5020 
stimulation15,17. We therefore selected three known PR-target genes (WNT436, TNSF11 
(RANKL37), and FKBP518) for qRT-PCR analysis. R5020 treatment of our parental MCF7 

WNT4, TNSF11 
(RANKL), or FKBP5 (Fig3A, -PR). Transient overexpression of PR in MCF7 allowed us to 
measure induction of TNSF11 (RANKL) (~2.2 fold) and FKBP5 (~3-fold), but not WNT4 
(Fig3A, +PR). In T47D the induction of TNSF11 (RANKL) (4- vs 3-fold) and FKBP5 (both 
~5-fold) was comparable regardless of whether PR was transiently overexpressed or 
not, while WNT4 was not induced in either setting (Fig3B).

In MCF7/PR cells, we measured more prominent induction compared to transiently 
transfected MCF7 cells, with TNSF11 (RANKL) (8-fold) and FKBP5 (10-fold), as well as 
WNT4 (5-fold) showing increased induction in response to R5020 treatment (Fig3C). 
In T47DS cells, which have the highest levels of PGR expression (SupFig1), FKBP5 
(~11-fold) and WNT4 (~4-fold) but not TNSF11 (RANKL) (~3-fold) were induced to 
a better extent than in T47D (Fig3D). Taken together, an overall positive correlation 
exists between PR expression levels and the strength of the PR signaling response. PR 
levels are limiting in MCF7, for both the induction of PRE luciferase reporters (Fig2) and 
endogenous target genes (Fig3).
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the dynamic range of reporter gene constructs38,39

PRE-luciferase reporter by concatemerizing up to 12 PRE binding sites. Starting with 
the 4xPRE construct, we successively inserted two additional PRE sites via stepwise 
cloning, resulting in 6xPRE, 8xPRE, 10xPRE and 12xPRE reporter constructs. Contrary 
to our expectations, a clear peak in the luciferase response was observed for the 
4xPRE luciferase reporter construct in both MCF7 and T47D (Fig4A-B). We therefore 
continued to use the 4xPRE reporter in subsequent experiments as our optimal PRE 
construct (Fig4A-B).

Fig3. Induction of endogenous PR target genes in cell lines with different PR expression levels 
A-B) WNT4, TNSF11 (RANKL) and FKBP5 expression measured by qRT-PCR after EtOH (control, blue), 20 nM 
R5020 (pink), or 20 nM R5020 and 100 nM RU486 (green) of MCF7 (A) or T47D (B) cells with (+) or without 
(-) PR co-transfection. Treated values are normalized for each condition over the mean EtOH control. Every 
datapoint represents one biological experiment (n=3). Bars show the mean of the replicates. Error bars 
represent the standard deviation (SD) of the biological replicates. C-D) WNT4, TNSF11 (RANKL) and FKBP5 
expression measured by qRT-PCR after EtOH (control, blue), 20 nM R5020 (pink), or 20 nM R5020 and 
100 nM RU486 (green) of MCF7/PR (C) or T47DS (D) cells. Treated values are normalized for each condition 
over the mean EtOH control. Every datapoint represents the average from a technical duplicate of one 
biological experiment (n=4 total). Bars show the mean and error bars the SD of the biological replicates. 
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The PRE site in our reporter is derived from the consensus PRE21,40. While ER binds to 

steroid hormone receptors, including the mineralocorticoid receptor (MR), glucocorticoid 
receptor (GR) and androgen receptor (AR)41 (Fig4C). Both T47D and MCF7 have been 
reported to express at least some of these additional nuclear hormone receptors19,42. 
Moreover, PR and GR were previously shown to activate transcription by interacting 
with the same responsive element43,44.

To test the response of our 4xPRE luciferase construct to other steroid hormone 
signals, we performed luciferase assays in MCF7 and T47D following stimulation 
of the cells with -estradiol (E2, the ER ligand), aldosterone (Aldo, the MR ligand), 
dexamethasone (Dex, the GR ligand) or dihydroxytestosterone (DHT, the AR ligand) 
in comparison to R5020. As before, R5020 induced PRE-reporter signal ~100-fold in 
MCF7 (+PR) and ~150-fold in T47D. Out of all tested non-progesterone ligands, only 

as in T47D (~50-fold) (Fig4D). A minor increase was observed for dexamethasone 
and dihydroxytestosterone. Thus, our 4xPRE-reporter can also be activated by related 

induction will likely depend on receptor expression levels and hormone concentrations 
used to stimulate the cells. 

Fig4 (next page). PRE sequence variations reveal PR signaling specificity and sensitivity
A-B) Relative firefly luciferase signal of 2-12xPRE-luciferase constructs after treatment with EtOH (control, 
blue), 20 nM R5020 (pink), or 20 nM R5020 and 100 nM RU486 (green) of MCF7 (+PR) (A) or T47D (B) cells. 
Treated values are normalized for each condition over its own EtOH control. Every datapoint represents the 
average of technical duplicates from one biological experiment (n=3-5 total). Bars show the mean and error 
bars the standard deviation (SD) of the biological replicates. C) Visualization of the similarities between steroid 
nuclear receptor consensus sequences and the PRE consensus sequence in the luciferase constructs. D) 
Relative firefly luciferase signal of 4xPRE-luciferase construct after treatment of 10 nM R5020, 10 nM E2, 10 nM 
aldosterone, 10 nM dexamethasone or 10 nM dihydroxytestosterone in MCF7 (+PR) (blue) or T47D (red) cells. 
Treated values are normalized for each condition over its own EtOH control. Every datapoint represents the 
average of technical duplicates from one biological experiment (n=4 total). Bars show the mean and error bars 
the SD of the biological replicates. E-F) Relative firefly luciferase signal of 2xPRE (E) or 4xPRE-luciferase (F) 
constructs with G11A_C14T variation in one of the two or both PRE sites (2xPRE) (E) or all four sites (4xPRE) (F) 
after 20 nM R5020 treatment of R5020 in MCF7 (+PR) (blue) or T47D (red) cells. Treated values are normalized 
for each condition over the WT induction. Every datapoint represents the average of technical duplicates from 
one biological experiment (n=4 total). Bars show the mean and error bars the SD of the biological replicates.
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Whereas our luciferase constructs contain consensus PR binding sites, in vivo 
enhancers have been reported to use suboptimal transcription factor binding sites 

45,46. For example, imperfect estrogen 
responsive elements (EREs) are important for ER binding and synergize with perfect 
EREs47. In addition, endogenous progesterone-responsive enhancers have been 
described to contain imperfect PREs41. Therefore, an as of yet unanswered question in 

and, subsequently, on progesterone-dependent gene regulation. We reasoned that we 
should now be able to quantitatively measure the biological activity of PRE sequence 
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variations at the single nucleotide level to start solving this question. We took two 
variations of the PRE consensus sequence (G11A and C14T) that had both previously 
been described to abolish PR binding to the PRE sequence as well as to impair 
biological PRE activity40. We generated 2xPRE-luciferase constructs containing one 
consensus PRE and one PRE with the G11A and C14T base pair variations (Fig4E). A 

~2-fold reduction in luciferase signal in MCF7 upon R5020 stimulation (Fig4E). We 
hypothesized that remaining activity likely represented activity of the remaining wildtype 
PRE. Introducing the G11A and C14T mutations into both sites of the 2xPRE reporter 
or all four sites of the 4xPRE luciferase construct, indeed resulted in a ~92% or ~82% 
(MCF7) and a ~98% or ~87% (T47D) lossof progesterone-inducibility, respectively 
(Fig4E-F). Taken together, mutations in the consensus sequence modulate activity of 

PRE-GFP reporter constructs to visualize of PR signaling in individual cells

status6,22,23 (Fig1). To be able to resolve PR signaling activity at the single cell rather 
than the population level, we generated lentiviral PRE-GFP constructs with 2, 4 or 6 
consensus PRE sites. We stably introduced these constructs into MCF7/PR cells and 
FACS sorted a polyclonal population that induced GFP in response to R5020 treatment 
(Fig5A). 

The resulting 2x/4x/6xPRE-GFP cell lines were further characterized by imaging and 
FACS. R5020 treatment induced the GFP reporter over background in all three cell 

Fig5B-D). However, the response was 
heterogeneous, as not all cells responded despite the fact that they had been FACS 
sorted for their ability to do so. GFP intensity also varied between individual cells. To 
determine sensitivity of the reporters, we treated the 2x/4x/6xPRE-GFP lines with an 

GFP positive cells by FACS analysis.

We observed a modest induction of all reporter constructs even in response to 10 pM 
R5020, which is in the physiological range (Fig5E-G). The maximum response was 
reached in response to 100 pM R5020 (Fig5E-G, ~38% for 2xPRE vs. 5.8% GFP+ in 
the untreated cells, ~30% for 4xPRE vs. 8.7% GFP+ in the untreated cells, ~38% for
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6xPRE vs. 14.7% GFP+ in the untreated cells). R5020 concentrations exceeding 100 
pM did not substantially increase the percentage of GFP positive cells any further in 
either of the cell lines. In conclusion, our lentiviral 2x/4x/6xPRE-GFP reporters display 
robust GFP inducibility and are capable of detecting PR activity at physiological 
concentrations, which should also make them suitable for in vivo applications.

R5020 dose-response measurements reveal PR signaling dynamics
Progesterone concentrations in blood range from the low picomolar range during 
menopause to the micromolar range during pregnancy2,9. For experimental in vitro 
studies, cells are routinely treated with 10-100 nM R502048. We therefore used 20 

is a synthetic progestin that is more stable and has a higher intracellular availability 
than progesterone, these concentrations are at the higher end of the physiological 

ligand has not been studied extensively. Having already been able to measure induction 
of our PRE-GFP reporter in response to treatment with 10 pM R5020 (Fig5E-G), we 
therefore also examined the response of our PRE luciferase reporter constructs as well 
as our selection of endogenous PR target genes to a range of concentrations of R5020 
in both MCF7 and T47D cells.

Interestingly, stimulation with 1 pM to 100 nM R5020 revealed distinct response 
patterns. First, dose-response curves were quite comparable for the 2x, 4x and 6x 
PRE-luciferase reporter constructs (SupFig2A-B
T47D (Fig6A
lower concentration (10 pM R5020) than in T47D (1 nM R5020). Second, R5020 

in either cell line, suggesting that saturation is reached at R5020 levels that are lower than 
typically used in the literature (Fig6A). Third, endogenous target gene expression varied 
substantially depending on both the target and the cell line (Fig6B-D, SupFig2C-D). 

Fig5 (left). PRE-GFP reporter cell lines as a tool to visualize PR signaling at the single cell level 
A) Schematic representation of the experimental workflow for generating 2x, 4x, and 6xPRE-GFP MCF7/PR 
lines. B-D) Representative confocal microscope images of 2x (B), 4x (C) or 6xPRE-GFP (D) MCF7/PR cells 
treated with EtOH as a control or treated with 20 nM R5020 for 22 hours from n=2 experiments. Nuclei were 
counterstained with SiRDNA (blue). E-G) Representative histograms depicting FACS analysis of 2x (E), 4x (F) 
or 6xPRE-GFP (G) MCF7/PR cells treated with indicated treatments for 22 hours of n=2 experiments. Tables 
show the percentage of GFP+ cells for each treatment. 
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Here, in contrast to Fig3A, WNT4
in T47D. WNT4 levels increased in response to stimulation with 100 pM R5020 and 
higher concentrations did not improve the response. TNSF11 (RANKL) expression did 
not show robust induction under any condition (Fig6C). Finally, the negative feedback 
target gene FKBP5 was robustly and dose-dependently expressed in both MCF7 and 
T47D starting at a concentration of 100 pM R5020 (Fig6D). Together, these results 
show the importance of matching the concentration of the hormone stimulus to the cell 
line and the experimental readout.

Fig6. PR signaling response varies per cell line, target gene and R5020 concentration used
A) Relative firefly luciferase signal of 4xPRE-luciferase after indicated R5020 treatments in MCF7 (+PR) (blue) 
or T47D (red) cells. Treated values are normalized for each condition over the mean EtOH control. Every point 
represents the mean of n=3 biological experiments. Error bars represent the standard deviation (SD) of the 
biological replicates. B-D) WNT4 (B), TNSF11 (RANKL) (C) and FKBP5 (D) expression measured by qRT-PCR after 
indicated R5020 treatments in MCF7 (+PR) (blue) or T47D (red) cells. Treated values are normalized for each 
condition over the mean EtOH control. Every point represents the mean of n=3 biological experiments. Error 
bars represent the SD of the biological replicates. 
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Discussion
PR signaling is of fundamental importance for breast development and physiology, but 
it remains understudied in both the healthy breast and in breast cancer. One bottleneck 
has been the availability of reliable readouts to measure PR signaling responses in 
breast epithelial cells. Here, we describe a toolbox for quantitative analyses of PR 
signaling, which we test in the widely used MCF7 and T47D breast cancer cell lines. 
We show that the absolute PR protein levels determine the strength of the PR signaling 
response (Fig2). This could shed new light on previous studies that failed to detect 
the expected patterns of PR target gene induction7. After optimizing the culture media 
(Fig2) and R5020 treatment (Fig6
assays and qRT-PCR analysis of endogenous PR target genes can be useful readouts 
for quantifying PR signaling activity (Fig2, Fig3, Fig6). 

Our new 4xPRE luciferase reporter construct has a high dynamic range, and we 
therefore recommend it for robust and reliable measurements of PR signaling. Care 
should be taken under conditions where related nuclear hormone receptor signaling 
pathways may be active, since our PRE consensus site can also be activated by MR 
in response to aldosterone stimulation (Fig4). We expect this reporter to serve as an 
improved starting point, compared to previous analysis40, for studying the impact of 
PRE site variations, for example in the context of suboptimal PRE sites that are likely 
to be present in PR-dependent enhancers in vivo, or non-coding SNPs that may be 
important for molecular responses or associated with disease. In addition to varying the 
sequence, changing the order, total amount, orientation and spacing of PRE sites may 
also provide meaningful new insights into PR-PRE binding and PR signaling dynamics, 
especially when combined with global analyses such as ChIP-seq analyses that are 

target gene induction48.

We show that nuclear accumulation of PR is independent of ligand-activated PR (Fig1). 
Thus, nuclear localization does not equal PR signaling activity. We present our lentiviral 
PRE-GFP reporter constructs as an alternative, functional readout and a new tool 
to visualize PR signaling activity at the single cell level. Applying PRE-GFP on top of 

a key additional readout in cultures containing PR positive cells. It should be noted 
that we observe a heterogeneous response in our tested PRE-GFP cell lines, with a 
maximum of 40% of cells responding. This could be due to technical reasons, since we 
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analyzed polyclonal cell populations in which the lentiviral PRE-GFP cassette may have 

less conducive to expression and PR-mediated induction. Alternatively, this result could 

that PR requires phosphorylation on several residues for its proper activation and 

(such as MAPK and CDK2) could be one of the explanations for the heterogeneous 
response49,50 51. Thus, at 
least some cell-to-cell heterogeneity in the response is to be expected (Fig1).

typically high – doses of R5020 compares to more physiological doses of progesterone. 
Recently, it was reported that breast cancer cells are able to react to physiological 
progestin concentrations (50 pM)48

PRE-luciferase constructs as well as two endogenous PR target genes (WNT4 and 
FKBP5) to physiologically relevant concentrations of R5020 (Fig5, Fig6), although 

TNSF11 (RANKL) 
Fig3 Fig6C), 

although its expression was increased in some experiments. One possible explanation 
might be the very low absolute levels of baseline TNSF11 (RANKL) expression in MCF7 
and T47D cells, resulting in high standard deviations and variable induction. Also, 
WNT4 Fig3A, 
Fig6B
the response. As activation of endogenous PR target genes will not exclusively rely on 
ligand-activated PR but will also depend on other transcription factors and chromatin 

48. Furthermore, one other 

expression is important for PR binding site accessibility, as lowering PR expression in 
T47D cells exhibited a decrease in accessibility of PR binding sites48. This phenomenon 
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PR transfected and stable PR cells and T47D vs. T47DS cells (Fig3). Furthermore, it 
is a possibility that PR-A/PR-B ratios play a role (SupFig1), since PR-A/PR-B ratios 

11. All things considered, in our hands 
FKBP5 is the most robust PR target when compared to TNSF11 (RANKL) and WNT4.

Summarizing, we present new approaches for measuring PR signaling in breast 
epithelial cells. Exogenous reporters and endogenous target genes each have their 
own strengths and weaknesses that must be considered. In our hands, a 4xPRE 
luciferase reporter is the most sensitive and constant tool to measure PR signaling 
activity in isolation. Endogenous target gene expression analysis is a valuable additional 
readout, as it 
to PR signaling, allowing the chromatin context and combinatorial signaling input to 
be taken into account. It is recommended to take multiple target genes along as their 

our PRE-GFP constructs are a valuable tool for single cell PR signaling visualization and 
measurements. We expect these new tools and optimized conditions to be a useful 
foundation for addressing outstanding questions regarding the molecular mechanisms 
that determine the strength and dynamics of PR signaling in mammary gland biology.

Material and methods

Cell culture
Human MCF7 breast cancer cells (a kind gift from Prof. Dr. Pernette Verschure, 
Swammerdam Institute for Life Sciences, Amsterdam, The Netherlands), Human T47D 
and T47DS breast cancer cells (a kind gift from Stieneke van den Brink, Hubrecht 
institute, Utrecht, The Netherlands), and HEK293TN cells (System Biosciences, 
#LV900A-1)
containing GlutaMAX (Gibco, #11584516), supplemented with 10% Fetal Bovine Serum 

and routinely tested for mycoplasma. MCF7 cells transfected with a PR expression 
construct are referred to as MCF7 (+PR). MCF7 cells stably expressing a lentiviral PR 
construct are referred to as MCF7/PR. 
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One day prior to imaging, 75,000 MCF7 or 100,000 T47D cells were seeded on an 
8-well chamber slide with glass bottom (Ibidi, #80827-90). The next day, cells were 
treated with 20 nM R5020 (Promegestone, Perkin Elmer, #NLP004005MG), or 20 nM 
R5020 and 100 nM RU486 (Mifestrone, Sigma-Aldrich, #475838) dissolved in ethanol, 
which was also taken along as a negative control. Two hours after treatment, the cells 

temperature (RT) and washed with HBSS (Hanks’ Balanced Salt Solution, (Thermo 
 #11550456) three times. Next, the cells were permeabilized with 0.1% 

Triton in PBS for 15 minutes at RT. After three washes with HBSS, the samples were 
blocked for 2 hours in HBSS with 4% BSA (Tocris BioScience, #5217). Incubation with 
primary antibody rabbit anti-progesterone receptor (1:500 in 4% BSA, Cell Signaling 
#8757/D8Q2J, recognizing both PR-A and PR-B) was performed overnight (O/N) 
at 4 °C. Following three washes with HBSS, the cells were incubated for 2 hours 
with secondary antibody AlexaFluor 488 Goat Anti-Rabbit IgG (1:1,000 in 4% BSA, 
Invitrogen #A11008) at RT in the dark. The samples were stained with DAPI (1:1,000 in 
HBSS, Invitrogen, #D1306) for 10 minutes at RT, washed three times with HBSS and 
imaged on an SP8 confocal microscope (Leica Microsystems). Imaging was performed 
using a 63x oil objective with 405 (5% laser power) and 488 (8% laser power for MCF7 
and 2% laser power for T47D) lasers, using a PMT1 detector (gain 700) 
signal with a 413-469 bandpass for DAPI and 
signal with a 496-547 bandpass for GFP. Images for the individual channels were 
extracted using Fiji52. Care was taken to image each sample with the same settings. For 

53 was used to segment the nucleus based on the DAPI 
signal, excluding border nuclei. The nuclear mean intensity of the PR staining was then 
measured for each individual cell, normalized to the average intensity in the non-treated 
condition and plotted in GraphPad Prism (Version 10.0.0). 

The 2xPRE-luciferase reporter (2X PRE TK luc) construct contains 2 consensus PRE 
sites upstream of a minimal thymidine kinase (TK) promoter (Table2, #1). The pcDNA3-
PRB plasmid contains the full-length PR sequence (Table2, #2). To generate PRE-luc 
constructs containing concatemerized, wildtype or mutated PRE sites, primers were 
designed using SnapGene (Table1). The PRE-luc constructs were generated using 
restriction cloning of the annealed oligonucleotides into the 2xPRE-luc vector with 
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BamHI ( , #FD0054). For the vectors with multiple PRE sites, 
restriction enzyme digestion and ligation were repeated until constructs with 4, 6, 8, 10 
and 12x PRE sites were obtained. 

For generation of lentiviral PR expression vectors, full-length PR was cloned into the 
multisite gateway compatible pMuLE-ENTR-MCS-R4-R3 (Table2, #3) by restriction 
cloning from pcDNA3-PRB (Table2, #2). For generation of entry clones containing 2x, 
4x, or 6xPRE sites for multisite gateway reactions, annealed oligonucleotides coding 
for the 2YBTATA minimal promotor54 (Table1) were ligated into the pMuLE ENTR MCS 
L1-L4 vector (Table2, #4), followed by ligation of annealed 2xPRE oligonucleotides 
(Table1).

Table 1. Primer sequences

Description Primer sequences Forward/Reverse (5’ – 3’)

2xPRE F: gatctgtagctagaacatcctgtacagtatccgtagctagaacatcctgtacag
R: gatcctgtacaggatgttctagctacggatactgtacaggatgttctagctaca

G11A_ C14_T F: gatctgtagctaaaatatcctgtacagtatccgtagctagaacatcctgtacag
R: gatcctgtacaggatgttctagctacggatactgtacaggatattttagctaca

2x G11A_ C14_T F: gatctgtagctaaaatatcctgtacagtatccgtagctaaaatatcctgtacag
R: gatcctgtacaggatattttagctacggatactgtacaggatattttagctaca

2YBTATA F: gatcctctagagggtatataatgggggccac
R: tcgagtggcccccattatataccctctagag

Table 2 . Used Plasmids

Plasmid # Plasmid name A gift from Ref Addgene number

1 2X PRE TK luc Donald McDonnell 22 #11350

2 pcDNA3-PRB Elizabeth Wilson 56 #89130

3 pMuLE-ENTR-MCS-R4-R3 Ian Frew 57 #62086

4 pMuLE ENTR MCS L1-L4 Ian Frew 57 #62087

5 pMVP (L1-L4) CMV promoter Christopher Newgard 58 #121686

6 pMVP (L3-L2) polyA    Christopher Newgard 58 #121746

7 pMVP/Lenti/Blast-DEST Christopher Newgard 58 #121849

8 pMVP (R4-R3) eGFP Christopher Newgard 58 #121730

9 pMVP/Lenti/Neo-DEST Christopher Newgard 58 #121850

10 pCMVDR8.2 Bob Weinberg 59 #8455

11 RSV-rev Didier Trono 60 #12253

12 VSVg Didier Trono - #12259
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Table 3. Generated plasmids (deposited with Addgene)`
Plasmid # Addgene number

4X PRE TK luc #206159

6X PRE TK luc #206160

8X PRE TK luc #206161

10X PRE TK luc #206162

12X PRE TK luc #206163

pMuLE (R4-R3) PRB #206164

Lenti-CMV-PRB #206165

pMuLE (L1-L4) 2X PRE #206166

pMuLE (L1-L4) 4X PRE #206167

pMuLE (L1-L4) 6X PRE #206168

Lenti-2XPRE-GFP #206169

Lenti-4XPRE-GFP #206170

Lenti-6XPRE-GFP #206171

Lentiviral 2/4/6xPRE-GFP and CMV-PR plasmids were generated using multisite LR 
gateway reactions. Gateway vectors were diluted to 10 fmol/ul of each entry plasmid and 
20 fmol/ul of the destination plasmid  Lenti-CMV-PR constructs 
were created by mixing 10 fmol 5’ entry CMV promoter (Table2, #5), 10 fmol pMuLE 
(R4-R3) PRB, 10 fmol 3’ entry polyA (Table2, #6), and 20 fmol destination vector Lenti-
Blast (Table2, #7). For Lenti-2/4/6xPRE-GFP reporters: 10 fmol 5’ entry plasmids 
containing 2/4/6xPRE and 2YBTATA, 10 fmol middle entry eGFP (Table2, #8), 10 fmol 
3’ entry polyA (Table2, #6), and 20 fmol destination vector Lenti-DEST (Table2, #9) 

added to catalyze the gateway reactions according to the manufacturer’s instructions.

MCF7, MCF7/PR, T47D or T47DS cells were plated in 24-well plates at a density of 
100,000 (MCF7/MCF7/PR) or 150,000 (T47D/T47DS) cells per well. After 24 hours, 
the medium was replaced with DMEM supplemented with 5% charcoal stripped 

optimization of medium conditions: 1) DMEM supplemented with 10% FBS (identical 
to the standard propagation media), 2) DMEM supplemented 5% charcoal stripped 

phenol 



49A molecular toolbox to study progesterone receptor signaling |

2

red free (PRF) DMEM ( , #11594416) supplemented with 10% 
FBS or 4) phenol red free DMEM supplemented with 5% charcoal stripped FBS. Cells 
were transfected using X-tremeGENE HP DNA Transfection Reagent (Sigma-Aldrich, 
#06366546001), according to the manufacturer’s instructions. For MCF7, transfections 
were performed in duplicate, using a total amount of 500 ng plasmid DNA per well, 
consisting of 200 ng Luciferase construct and 200 ng PR expression vector (Table2, 
#2) and 100 ng Renilla construct. For MCF7/PR, T47D and T47DS 400 ng Luciferase 
construct and 100 ng Renilla construct was used. On the next day, cells were treated 
with either ethanol (EtOH, control), 20 nM R5020 (Perkin Elmer, #NLP004005MG), or 
20 nM R5020 and 100 nM RU486 (Sigma-Aldrich, #475838) in fresh medium. When 

range of R5020 (1 pM – 100 nM) or EtOH as the solvent control. To determine reporter 
 10 nM of the following compounds: R5020, 

-estradiol (Sigma-Aldrich, #E8875-1G), aldosterone (Sigma-Aldrich, #A9477-5MG) 
dexamethasone, (Sigma-Aldrich, #D4902), dihydroxytestosterone (Merck, #D-073) 
or EtOH as solvent control. Cells were lysed after exactly 24 hours of stimulation in 

55. 

treated control, unless stated otherwise. Plots are generated using GraphPad Prism. 
(Version 10.0.0).

qRT-PCR
MCF7, MCF7/PR, T47D and T47DS cells were plated in 6-well plates at a density 
of 300,000 (MCF7/MCF7/PR) or 400,000 (T47D/T47DS) cells per well. The following 
day, for medium was refreshed for all cells and MCF7 cells were transfected with 
pcDNA3-PRB per well using X-tremeGENE HP DNA Transfection Reagent (Sigma-
Aldrich, #06366546001) according to the manufacturer’s instructions. 48 hours after 
plating, cells were treated with EtOH, 20 nM R5020 (Perkin Elmer, #NLP004005MG), 
or 20 nM R5020 and 100 nM RU486 (Sigma-Aldrich, #475838). When comparing 

or EtOH. After 24 hours treatment, RNA was isolated using TRIzol according to the 
manufacturer’s instructions. Total RNA was DNAse treated with RQ1 DNAse (Promega, 
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#M6101). cDNA synthesis was performed using 4,000 ng RNA using SuperScript IV 
Reverse Transcriptase (Invitrogen, #18090200) and Random Hexamers (Invitrogen, 
#N8080127) according to manufacturer’s guidelines with the addition of RiboLock 
RNase Inhibitor ( , #EO0328). cDNA was diluted 10-fold and 
qRT-PCR reactions were performed using 5x HOT FIREpol EvaGreen qPCR mix plus 
(ROX) (Bioconnect, #08-24-00020) and a QuantStudio 3 Real-Time PCR System 
( ). qRT-PCR primers were thoroughly checked to have a single 
melt curve. Primer sequences are listed in Table 4. Calculations were performed using 
the ddCt method and presented as relative values normalized over YWHAZ and EtOH 
treated conditions. Plots are generated using GraphPad Prism (10.0.0). 

Table 4. qRT-PCR primers

Gene Forward primer (5’ – 3’) Reverse primer (5’ – 3’)

WNT4 ACTGGACTCCCTCCCTGTCT TGCCCTTGTCACTGCAAA 

TNSF11 (RANKL) ATGTGCTGTGATCCAACGAT TGAGACTCCATGAAAATGCAGA

FKBP5 TGAGCAGGGAGAGGATATTACC TCTCCAATCATCGGCGTTTC

YWHAZ ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT

For western blot analysis, the cells were plated and treated in 6-well plates and lysed 

Protein concentrations were measured using the Pierce BCA protein Assay kit (Thermo 
#23225)

using the Trans-blot Turbo Transfer System (Bio-Rad) and blocked with 1:1 diluted TBS 

and PR-B) and Actin (1:1,000, MP biomedicals, #08691001) were diluted in blocking 

O/N at 4°C followed by incubation with secondary antibodies (1:20,000 IRDye 680L, 
#926–6802 or 1:20,000 IRDye 800CW LI-COR, #926–32211), in TBS supplemented 
with 0.1% Tween-20 for one hour at RT and detection was performed at 700 nm and 
800 nm using an Odyssey Fc (LI-COR Biosciences).
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For lentivirus production, 5x106 HEK293TN cells were plated in 10 cm plates. The next 
day, the cells were transfected with 3 g packaging vector pCMVDR8.2 (Table2, #10), 
3 g RSV-rev (Table2, #11), 3 g VSVg (Table2, #12), and 8 g custom generated 
lentiviral CMV-PR or 2x/4x/6xPRE-GFP plasmids using PEI (Polyethylenimine, 
Polysciences, #23966). Medium was refreshed after 24 hours, virus was collected after 

in the presence of polybrene (1:2,000, Merck Millipore, #TR-1003-G). After 24 hours 
incubation, cells were, split, and selected for up to two weeks with blasticidin (10 g/
ml, , #11583677) or G418 (700 g/ml, Gibco, #11811-031).

For FACS experiments, MCF7/PR-2/4/6xPRE-GFP cells were plated in 6-well plates for 
analysis, or 10 cm plates for sorting, in fresh DMEM supplemented with 5% stripped 
FBS, 48 hours prior to analysis or sorting. At 24 hours, the cells were treated with 
EtOH, 20 nM R5020 (sorting) or a R5020 concentration range from 10 pM to 100 nM 
(analysis) in fresh DMEM medium supplemented with 5% stripped FBS. 24 hours after 
treatment, the cells were trypsinized, and pelleted. 
ml DAPI (Invitrogen, #D1306) in HF (2% stripped FBS in HBSS), washed and again 

performed on a FACSAriaTM III (BD, Franklin Lakes, NJ). For FACS sorting, the cells 
with intermediate GFP expression levels were sorted in 24-wells plates containing full 
medium + 1% penicillin/streptomycin and 0.025 M HEPES. Analysis of FACS results 
was performed using Flowjo (10.8.2). Gates for GFP positive cells were set using MCF7 
wildtype and EtOH treated samples of 2xPRE-GFP. The gating strategy was expanded 
to all other samples. 

For imaging, MCF7/PR-2/4/6xPRE-GFP cells were seeded on an 8-well chamber slide 
with glass bottom (Ibidi, #80827-90) containing DMEM medium supplemented with 
5% stripped FBS. After 6 hours, medium was replaced with phenol red free DMEM 
supplemented with 5% stripped FBS, containing either EtOH or 20 nM R5020. The 
next morning, phenol red free DMEM supplemented with 5% stripped FBS, 0.025 

and 4 hours later, cells were imaged at 37 °C on an SP8 confocal microscope (Leica 
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Microsystems) using a 25x water objective, 488 (8% laser power) and 633 (8% laser 
power) lasers, using a 496-559 nm 
bandpass for GFP and a PMT3 detector (700 gain) 642-
693 nm bandpass for SiR-DNA. Images were processed using Fiji52.

Fig1), p-values were calculated using 
a one-way ANOVA followed by a Tukey’s, Šídák›s or Dunnett’s multiple comparison 
test. For luciferase assays and qRT-PCR analyses, p-values were calculated using a 
2-way ANOVA followed by a Tukey’s multiple comparison test, except for the analysis 
of PGR expression (SupFig1), where a one-way ANOVA followed by a Tukey’s multiple 
comparison test was used. All statistical analyses were performed and plotted using 
GraphPad Prism (10.0.0). 

Statements and declarations

Competing interests

Gland Biology and Neoplasia. 

Acknowledgments 
We thank Gonzalo Congrains Sotomayor (Swammerdam Institute for Life Sciences, 
University of Amsterdam) for providing support for our FACS experiments and Prof. Dr. 
Pernette Verschure (Swammerdam Institute for Life Sciences, University of Amsterdam) 
and Stieneke van den Brink (Hubrecht Institute, Utrecht) for kindly providing the MCF7 
and T47D cell lines, respectively. We also thank Dr. Harm Krugers (Swammerdam 
Institute for Life Sciences, University of Amsterdam) for sharing the aldosterone and Dr. 
Bart van der Burg for his input and suggestions during the luciferase assay optimization. 
We thank our colleagues from the Developmental, Stem Cell & Cancer Biology (DSCCB) 
group for discussions and feedback during the project. Lastly, we thank the van 
Leeuwenhoek Centre for Advanced Microscopy (LCAM, Section Molecular Cytology, 
Swammerdam Institute for Life Sciences, University of Amsterdam) for the use of their 
facilities. 

Research (OCENW.KLEIN.169). 



53A molecular toolbox to study progesterone receptor signaling |

2

MTA, ALvB and RvA conceived the study. MTA and MW designed and performed 
2-12xPRE luciferase experiments, medium optimization experiments, and luciferase 
experiments with the mutated PRE consensus sequences in MCF7 cells. TvdW and 

designed and performed all other experiments. MTA wrote the manuscript, with input 
from ALvB and RvA. All authors approved submission.

References 
1. Brisken, C., Park, S., Vass, T., Lydon, J.P., O’Malley, B.W., and Weinberg, R.A. (1998). A 

paracrine role for the epithelial progesterone receptor in mammary gland development. Proc. 
Natl. Acad. Sci. 95, 5076–5081. https://doi.org/10.1073/pnas.95.9.5076.

2. Brisken, C., and Scabia, V. (2020). 90 YEARS OF PROGESTERONE: Progesterone receptor 
signaling in the normal breast and its implications for cancer. J. Mol. Endocrinol. 65, T81–
T94. https://doi.org/10.1530/JME-20-0091.

3. Joshi, P.A., Jackson, H.W., Beristain, A.G., Di Grappa, M.A., Mote, P.A., Clarke, C.L., Stingl, 
J., Waterhouse, P.D., and Khokha, R. (2010). Progesterone induces adult mammary stem 
cell expansion. Nature 465, 803–807. https://doi.org/10.1038/nature09091.

4. Lydon, J.P., DeMayo, F.J., Funk, C.R., Mani, S.K., Hughes, A.R., Montgomery, C.A., 
Shyamala, G., Conneely, O.M., and O’Malley, B.W. (1995). Mice lacking progesterone 
receptor exhibit pleiotropic reproductive abnormalities. Genes Dev. 9, 2266–2278. https://
doi.org/10.1101/gad.9.18.2266.

5. Mohammed, H., Russell, I.A., Stark, R., Rueda, O.M., Hickey, T.E., Tarulli, G.A., Serandour, 
A.A., Birrell, S.N., Bruna, A., Saadi, A., et al. (2015). Progesterone receptor modulates ER  
action in breast cancer. Nature 523, 313–317. https://doi.org/10.1038/nature14583.

6. Lain, A.R., Creighton, C.J., and Conneely, O.M. (2013). Research resource: progesterone 
receptor targetome underlying mammary gland branching morphogenesis. Mol. Endocrinol. 
Baltim. Md 27, 1743–1761. https://doi.org/10.1210/me.2013-1144.

7. Graham, J.D., Mote, P.A., Salagame, U., van Dijk, J.H., Balleine, R.L., Huschtscha, L.I., 
Reddel, R.R., and Clarke, C.L. (2009). DNA replication licensing and progenitor numbers 
are increased by progesterone in normal human breast. Endocrinology 150, 3318–3326. 
https://doi.org/10.1210/en.2008-1630.

8. Frigo, D.E., Bondesson, M., and Williams, C. (2021). Nuclear receptors: from molecular 
mechanisms to therapeutics. Essays Biochem. 65, 847–856. https://doi.org/10.1042/
EBC20210020.

9. Missmer, S.A., Eliassen, A.H., Barbieri, R.L., and Hankinson, S.E. (2004). Endogenous 
estrogen, androgen, and progesterone concentrations and breast cancer risk among 
postmenopausal women. J. Natl. Cancer Inst. 96, 1856–1865. https://doi.org/10.1093/jnci/
djh336.

10. Kastner, P., Krust, A., Turcotte, B., Stropp, U., Tora, L., Gronemeyer, H., and Chambon, P. 
(1990). Two distinct estrogen-regulated promoters generate transcripts encoding the two 

9, 1603–1614. 
https://doi.org/10.1002/j.1460-2075.1990.tb08280.x.



54 Chapter 2|

11. Richer, J.K., Jacobsen, B.M., Manning, N.G., Abel, M.G., Wolf, D.M., and Horwitz, K.B. 

cancer cells. J. Biol. Chem. 277, 5209–5218. https://doi.org/10.1074/jbc.M110090200.
12. Sartorius, C.A., Melville, M.Y., Hovland, A.R., Tung, L., Takimoto, G.S., and Horwitz, K.B. 

(1994). A third transactivation function (AF3) of human progesterone receptors located in 
the unique N-terminal segment of the B-isoform. Mol. Endocrinol. Baltim. Md 8, 1347–1360. 
https://doi.org/10.1210/mend.8.10.7854352.

13. Corner, G.W., and Allen, W.M. (1929). Physiology of the corpus luteum, II: production of a 
special uterine reaction (progestational proliferation) by extracts of the corpus luteum. Am. J. 
Physiol.-Leg. Content 88, 326–339. https://doi.org/10.1152/ajplegacy.1929.88.2.326.

14. O’Malley, B.W., Sherman, M.R., and Toft, D.O. (1970). Progesterone “receptors” in the 
cytoplasm and nucleus of chick oviduct target tissue. Proc. Natl. Acad. Sci. U. S. A. 67, 
501–508. https://doi.org/10.1073/pnas.67.2.501.

W., Fiche, M., Dougall, W., Schneider, P., et al. (2013). Progesterone/RANKL is a major 
regulatory axis in the human breast. Sci. Transl. Med. 5, 182ra55. https://doi.org/10.1126/
scitranslmed.3005654.

16. Wang, J., Gupta, A., Hu, H., Chatterton, R.T., Clevenger, C.V., and Khan, S.A. (2013). 
Comment on “Progesterone/RANKL is a major regulatory axis in the human breast.” Sci. 
Transl. Med. 5, 215le4. https://doi.org/10.1126/scitranslmed.3006883.

17. van Amerongen, R., Bentires-Alj, M., van Boxtel, A.L., Clarke, R.B., Fre, S., Suarez, E.G., 
Iggo, R., Jechlinger, M., Jonkers, J., Mikkola, M.L., et al. (2023). Imagine beyond: recent 
breakthroughs and next challenges in mammary gland biology and breast cancer research. 
J. Mammary Gland Biol. Neoplasia 28, 17. https://doi.org/10.1007/s10911-023-09544-y.

18. Sikora, M.J., Jacobsen, B.M., Levine, K., Chen, J., Davidson, N.E., Lee, A.V., Alexander, 
C.M., and Oesterreich, S. (2016). WNT4 mediates estrogen receptor signaling and endocrine 
resistance in invasive lobular carcinoma cell lines. Breast Cancer Res. BCR 18, 92. https://
doi.org/10.1186/s13058-016-0748-7.

19. Nawaz, Z., Stancel, G.M., and Hyder, S.M. (1999). The Pure Antiestrogen ICI 182,780 
Inhibits Progestin-induced Transcription. Cancer Res. 59, 372–376.

20. Dean, M., Austin, J., Jinhong, R., Johnson, M.E., Lantvit, D.D., and Burdette, J.E. (2018). 
The Flavonoid Apigenin Is a Progesterone Receptor Modulator with In Vivo Activity in the 
Uterus. Horm. Cancer 9, 265–277. https://doi.org/10.1007/s12672-018-0333-x.

21. Patel, B., Peters, G.A., Skomorovska-Prokvolit, Y., Yi, L., Tan, H., Yousef, A., Wang, J., 
and Mesiano, S. (2018). Control of Progesterone Receptor-A Transrepressive Activity in 
Myometrial Cells: Implications for the Control of Human Parturition. Reprod. Sci. 25, 214–
221. https://doi.org/10.1177/1933719117716775.

22. Giangrande, P.H., A. Kimbrel, E., Edwards, D.P., and McDonnell, D.P. (2000). The Opposing 
Transcriptional Activities of the Two Isoforms of the Human Progesterone Receptor Are Due 

20, 3102–3115.
23. Caruso, M., Huang, S., Mourao, L., and Scheele, C.L.G.J. (2022). A Mammary Organoid 

Model to Study Branching Morphogenesis. Front. Physiol. 13, 826107. https://doi.
org/10.3389/fphys.2022.826107.

24. Kawprasertsri, S., Pietras, R.J., Marquez-Garban, D.C., and Boonyaratanakornkit, V. (2016). 
Progesterone receptor (PR) polyproline domain (PPD) mediates inhibition of epidermal 
growth factor receptor (EGFR) signaling in non-small cell lung cancer cells. Cancer Lett. 



55A molecular toolbox to study progesterone receptor signaling |

2

374, 279–291. https://doi.org/10.1016/j.canlet.2016.02.014.
25. Boonyaratanakornkit, V., McGowan, E., Sherman, L., Mancini, M.A., Cheskis, B.J., and 

Edwards, D.P. (2007). The role of extranuclear signaling actions of progesterone receptor in 
mediating progesterone regulation of gene expression and the cell cycle. Mol. Endocrinol. 
Baltim. Md 21, 359–375. https://doi.org/10.1210/me.2006-0337.

26. Fabris, V., Abascal, M.F., Giulianelli, S., May, M., Sequeira, G.R., Jacobsen, B., Lombès, 
M., Han, J., Tran, L., Molinolo, A., et al.
antibodies. J. Pathol. Clin. Res. 3, 227–233. https://doi.org/10.1002/cjp2.83.

27. Pierson-Mullany, L.K., and Lange, C.A. (2004). Phosphorylation of Progesterone Receptor 
Serine 400 Mediates Ligand-Independent Transcriptional Activity in Response to Activation 
of Cyclin-Dependent Protein Kinase 2. Mol. Cell. Biol. 24, 10542–10557. https://doi.
org/10.1128/MCB.24.24.10542-10557.2004.

28. Faivre, E., Skildum, A., Pierson-Mullany, L., and Lange, C.A. (2005). Integration of 
progesterone receptor mediated rapid signaling and nuclear actions in breast cancer cell 
models: Role of mitogen-activated protein kinases and cell cycle regulators. Steroids 70, 
418–426. https://doi.org/10.1016/j.steroids.2005.02.012.

29. Wu, J., Williams, D., Walter, G.A., Thompson, W.E., and Sidell, N. (2014). Estrogen increases 
Nrf2 activity through activation of the PI3K pathway in MCF-7 breast cancer cells. Exp. Cell 
Res. 328, 351–360. https://doi.org/10.1016/j.yexcr.2014.08.030.

30. Treviño, L.S., Bolt, M.J., Grimm, S.L., Edwards, D.P., Mancini, M.A., and Weigel, N.L. (2016). 

PK. Mol. Endocrinol. Baltim. Md 30, 158–172. https://doi.org/10.1210/me.2015-1144.
31. Read, L.D., Snider, C.E., Miller, J.S., Greene, G.L., and Katzenellenbogen, B.S. (1988). 

Ligand-modulated regulation of progesterone receptor messenger ribonucleic acid and 
protein in human breast cancer cell lines. Mol. Endocrinol. Baltim. Md 2, 263–271. https://
doi.org/10.1210/mend-2-3-263.

steroid hormones in fetal bovine serum on plating and cloning of human cells in vitro. In Vitro 
12, 23–30. https://doi.org/10.1007/BF02832789.

33. Berthois, Y., Katzenellenbogen, J.A., and Katzenellenbogen, B.S. (1986). Phenol red in 
tissue culture media is a weak estrogen: implications concerning the study of estrogen-
responsive cells in culture. Proc. Natl. Acad. Sci. 83, 2496–2500. https://doi.org/10.1073/
pnas.83.8.2496.

34. Magnani, L., Frigè, G., Gadaleta, R.M., Corleone, G., Fabris, S., Kempe, H., Verschure, P.J., 
Barozzi, I., Vircillo, V., Hong, S.-P., et al.

 metastatic breast cancer. Nat. 
Genet. 49, 444–450. https://doi.org/10.1038/ng.3773.

35. Kalkhoven, E., Kwakkenbos-Isbrücker, L., Mummery, C.L., de Laat, S.W., van den Eijnden-
van Raaij, A.J., van der Saag, P.T., and van der Burg, B. (1995). The role of TGF-beta 
production in growth inhibition of breast-tumor cells by progestins. Int. J. Cancer 61, 80–86. 
https://doi.org/10.1002/ijc.2910610114.

36. Brisken, C., Heineman, A., Chavarria, T., Elenbaas, B., Tan, J., Dey, S.K., McMahon, J.A., 
McMahon, A.P., and Weinberg, R.A. (2000). Essential function of Wnt-4 in mammary gland 
development downstream of progesterone signaling. Genes Dev. 14, 650–654.

37. Beleut, M., Rajaram, R.D., Caikovski, M., Ayyanan, A., Germano, D., Choi, Y., Schneider, P., 
and Brisken, C. (2010). Two distinct mechanisms underlie progesterone-induced proliferation 



56 Chapter 2|

in the mammary gland. Proc. Natl. Acad. Sci. 107, 2989–2994. https://doi.org/10.1073/
pnas.0915148107.

38. Biechele, T.L., and Moon, R.T. (2008). Assaying beta-catenin/TCF transcription with beta-
catenin/TCF transcription-based reporter constructs. Methods Mol. Biol. Clifton NJ 468, 
99–110. https://doi.org/10.1007/978-1-59745-249-6_8.

39. He, G., Tsutsumi, T., Zhao, B., Baston, D.S., Zhao, J., Heath-Pagliuso, S., and Denison, M.S. 

of dioxin-responsive elements dramatically increases CALUX bioassay sensitivity and 
123, 511–522. https://doi.org/10.1093/

toxsci/kfr189.
40. Lieberman, B.A., Bona, B.J., Edwards, D.P., and Nordeen, S.K. (1993). The constitution 

of a progesterone response element. Mol. Endocrinol. Baltim. Md 7, 515–527. https://doi.
org/10.1210/mend.7.4.8388996.

41. Jacobsen, B.M., Jambal, P., Schittone, S.A., and Horwitz, K.B. (2009). ALU Repeats in 
Promoters Are Position-Dependent Co-Response Elements (coRE) that Enhance or Repress 
Transcription by Dimeric and Monomeric Progesterone Receptors. Mol. Endocrinol. 23, 
989–1000. https://doi.org/10.1210/me.2009-0048.

42. Hegde, S.M., Kumar, M.N., Kavya, K., Kumar, K.M.K., Nagesh, R., Patil, R.H., Babu, R.L., 
Ramesh, G.T., and Sharma, S.C. (2016). Interplay of nuclear receptors (ER, PR, and GR) 
and their steroid hormones in MCF-7 cells. Mol. Cell. Biochem. 422, 109–120. https://doi.
org/10.1007/s11010-016-2810-2.

43. Chalepakis, G., Arnemann, J., Slater, E., Brüller, H.-J., Gross, B., and Beato, M. (1988). 

element of mouse mammary tumor virus. Cell 53, 371–382. https://doi.org/10.1016/0092-
8674(88)90157-2.

to mediate both glucocorticoid and progesterone induction of gene expression. Proc. Natl. 
Acad. Sci. 84, 7871–7875. https://doi.org/10.1073/pnas.84.22.7871.

45. Farley, E.K., Olson, K.M., Zhang, W., Brandt, A.J., Rokhsar, D.S., and Levine, M.S. 
(2015). Suboptimization of developmental enhancers. Science 350, 325–328. https://doi.
org/10.1126/science.aac6948.

46. Farley, E.K., Olson, K.M., Zhang, W., Rokhsar, D.S., and Levine, M.S. (2016). Syntax 

Proc. Natl. Acad. Sci. 113, 6508–6513. https://doi.org/10.1073/pnas.1605085113.
47. Petit, F.G., Métivier, R., Valotaire, Y., and Pakdel, F. (1999). Synergism between a half-site and 

an imperfect estrogen-responsive element, and cooperation with COUP-TFI are required for 
estrogen receptor (ER) to achieve a maximal estrogen-stimulation of rainbow trout ER gene. 
Eur. J. Biochem. 259, 385–395. https://doi.org/10.1046/j.1432-1327.1999.00072.x.

48. Zaurin, R., Ferrari, R., Nacht, A.S., Carbonell, J., Le Dily, F., Font-Mateu, J., de Llobet Cucalon, 
L.I., Vidal, E., Lioutas, A., Beato, M., et al. (2021). A set of accessible enhancers enables 
the initial response of breast cancer cells to physiological progestin concentrations. Nucleic 
Acids Res. 49, 12716–12731. https://doi.org/10.1093/nar/gkab1125.

49. Vicent, G.P., Ballaré, C., Nacht, A.S., Clausell, J., Subtil-Rodríguez, A., Quiles, I., Jordan, 
A., and Beato, M. (2006). Induction of progesterone target genes requires activation of Erk 
and Msk kinases and phosphorylation of histone H3. Mol. Cell 24, 367–381. https://doi.
org/10.1016/j.molcel.2006.10.011.



57A molecular toolbox to study progesterone receptor signaling |

2

50. Qiu, M., Olsen, A., Faivre, E., Horwitz, K.B., and Lange, C.A. (2003). Mitogen-activated 
protein kinase regulates nuclear association of human progesterone receptors. Mol. 
Endocrinol. Baltim. Md 17, 628–642. https://doi.org/10.1210/me.2002-0378.

51. Narayanan, R., Edwards, D.P., and Weigel, N.L. (2005). Human Progesterone Receptor 
Displays Cell Cycle-Dependent Changes in Transcriptional Activity. Mol. Cell. Biol. 25, 2885–
2898. https://doi.org/10.1128/MCB.25.8.2885-2898.2005.

52. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, 
S., Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: an open-source platform for 
biological-image analysis. Nat. Methods 9, 676–682. https://doi.org/10.1038/nmeth.2019.

53. Stirling, D.R., Swain-Bowden, M.J., Lucas, A.M., Carpenter, A.E., Cimini, B.A., and Goodman, 
22, 

433. https://doi.org/10.1186/s12859-021-04344-9.
54. Ede, C., Chen, X., Lin, M.-Y., and Chen, Y.Y. (2016). Quantitative Analyses of Core Promoters 

Enable Precise Engineering of Regulated Gene Expression in Mammalian Cells. ACS Synth. 
Biol. 5, 395–404. https://doi.org/10.1021/acssynbio.5b00266.

55. Hampf, M., and Gossen, M. (2006). A protocol for combined Photinus and Renilla luciferase 
356, 94–99. https://doi.

org/10.1016/j.ab.2006.04.046.
56. Su, S., Blackwelder, A.J., Grossman, G., Minges, J.T., Yuan, L., Young, S.L., and Wilson, 

progesterone receptor-B transactivation. J. Biol. Chem. 287, 34809–34824. https://doi.
org/10.1074/jbc.M112.372797.

57. Albers, J., Danzer, C., Rechsteiner, M., Lehmann, H., Brandt, L.P., Hejhal, T., Catalano, A., 
Busenhart, P., Gonçalves, A.F., Brandt, S., et al. (2015). A versatile modular vector system 
for rapid combinatorial mammalian genetics. J. Clin. Invest. 125, 1603–1619. https://doi.
org/10.1172/JCI79743.

58. Haldeman, J.M., Conway, A.E., Arlotto, M.E., Slentz, D.H., Muoio, D.M., Becker, T.C., and 
Newgard, C.B. (2019). Creation of versatile cloning platforms for transgene expression and 
dCas9-based epigenome editing. Nucleic Acids Res. 47, e23. https://doi.org/10.1093/nar/
gky1286.

59. Stewart, S.A., Dykxhoorn, D.M., Palliser, D., Mizuno, H., Yu, E.Y., An, D.S., Sabatini, D.M., 
Chen, I.S.Y., Hahn, W.C., Sharp, P.A., et al. (2003). Lentivirus-delivered stable gene silencing 
by RNAi in primary cells. RNA N. Y. N 9, 493–501. https://doi.org/10.1261/rna.2192803.

A third-generation lentivirus vector with a conditional packaging system. J. Virol. 72, 8463–
8471. https://doi.org/10.1128/JVI.72.11.8463-8471.1998.



58 Chapter 2|

Supplementary Figures

SupFig1. PR expression levels of MCF7, MCF7 (+PR) MCF7/PR, T47D and T47DS cell lines
A) PGR expression of MCF7, MCF7/PR, T47D and T47DS cells as determined by qRT-PCR. YWHAZ was used as 
a reference gene, PGR expression values were normalized to MCF10A (n=3 biological replicates). Data points 
indicate the individual biological replicates, and the bar graphs the mean relative PGR expression B) Western 
blot showing PR expression in MCF7, MCF7 PR transfected (MCF7 +PR), MCF7/PR, T47D and T47DS cells. 
Although a full-length PR construct is overexpressed in MCF7/PR, this results mainly in expression of the PR-B 
isoform.
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SupFig2. Response differences to increasing R5020 concentrations between luciferase constructs, 
target genes and cell lines 
A-B) Relative firefly luciferase signal of 2x, 4x and 6xPRE-luciferase after indicated R5020 treatments MCF7 
(+PR) (A) or T47D (B) cells. Treated values are normalized over the mean EtOH control. 4xPRE results are 
the same as depicted in Fig6A. Every point represents the mean of three biological experiments. Error bars 
represent the standard deviation (SD) of the biological replicates C-D) WNT4, TNSF11 (RANKL) and FKBP5 
expression measured by qRT-PCR after indicated R5020 treatments. Treated values are normalized for each 
condition over the mean EtOH control. Every point represents the mean of three biological experiments. Error 
bars represent the SD of the biological replicates. Results are the same as depicted in Fig6B-D but are here 
sorted on cell line instead of target gene. 


