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C/EBPa mediates the growth inhibitory effect of
progestins on breast cancer cells
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Abstract

Steroid hormones are key gene regulators in breast cancer cells.
While estrogens stimulate cell proliferation, progestins activate a
single cell cycle followed by proliferation arrest. Here, we use
biochemical and genome-wide approaches to show that proges-
tins achieve this effect via a functional crosstalk with C/EBPa.
Using ChIP-seq, we identify around 1,000 sites where C/EBPa
binding precedes and helps binding of progesterone receptor
(PR) in response to hormone. These regions exhibit epigenetic
marks of active enhancers, and C/EBPa maintains an open chro-
matin conformation that facilitates loading of ligand-activated
PR. Prior to hormone exposure, C/EBPa favors promoter–
enhancer contacts that assure hormonal regulation of key genes
involved in cell proliferation by facilitating binding of RAD21,
YY1, and the Mediator complex. Knockdown of C/EBPa disrupts
enhancer–promoter contacts and decreases the presence of these
architectural proteins, highlighting its key role in 3D chromatin
looping. Thus, C/EBPa fulfills a previously unknown function as a
potential growth modulator in hormone-dependent breast
cancer.
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Introduction

The steroid hormones estrogens and progesterone acting via their

intracellular receptors (ER and PR, respectively) control the

proliferation of breast cancer cells in a very different way. While

estrogens are inducers of cell proliferation that activate cyclin D1

(Musgrove et al, 1994; Planas-Silva & Weinberg, 1997; Planas-

Silva et al, 1999) and decrease the expression of CDK inhibitors

(Prall et al, 1997), progestins promote a single cell cycle

followed by proliferation arrest at G1/S, that correlates with a

delayed activation of CDK inhibitor p21WAF1 (Owen et al, 1998).

Studies using PR-positive breast cancer cell lines have demon-

strated a biphasic cellular response to progestins, with an imme-

diate proliferative burst followed by a sustained growth arrest

(Groshong et al, 1997; Musgrove et al, 1998; Skildum et al,

2005).

C/EBPa is a member of the C/EBP family of transcription factors,

which plays a critical role in the regulation of mitotic growth arrest

and differentiation in numerous cell types, including pre-adipocytes,

myeloid cells, hepatocytes, keratinocytes, and pneumocytes (Cao

et al, 1991; Freytag et al, 1994; Wang et al, 1995; Flodby et al,

1996; Radomska et al, 1998). Despite the fact that C/EBPa is

expressed in many tissues, its function has been best characterized

only in adipocytes and in the hematopoietic system. Regulation of

C/EBPa expression is fundamental for maintaining homeostasis of

both embryonic and adult tissues (Schuster & Porse, 2006). Deletion

of C/EBPa in mice results in pleiotropic disorders and the mice die

shortly after birth due to the failure of the liver to store glycogen

(Wang et al, 1995). Animals lacking C/EBPb are viable but sterile

and more susceptible to infections due to defects in the immune

system (Screpanti et al, 1995). These mice exhibit also multiple

defects in mammary gland development, including cystic, enlarged

mammary ducts with decreased secondary branching (Seagroves

et al, 1998). In addition, interactions between C/EBPa and CBP/

p300 histone acetyltransferases or SWI/SNF chromatin remodeling

complexes have been shown to regulate C/EBPa target genes

involved in tissue specification (Erickson et al, 2001; Pedersen et al,

2001).
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Though it is known that C/EBPs are involved in the regulation of

cell proliferation and cell differentiation of the mammary gland

(Johnson, 2005), the role of C/EBPs in breast cancer cells has not

been characterized. Although functional C/EBPa mutations have not

been found in solid tumors, C/EBPa levels are found down-regu-

lated in various types of cancer, indicating that inactivation of

C/EBPa might be a requirement for tumor development (Lourenco &

Coffer, 2017). In contrast, some studies performed in hepatocellular

carcinomas and breast cancer cells have shown that increased

expression of C/EBPa correlated with increased proliferation and

disease progression (Tomizawa et al, 2007; Lu et al, 2010; Ming

et al, 2015). However, the mechanism by which C/EBPa fulfills this

function in hormone-dependent processes and in particular in breast

cancer cells is unknown.

Regulation of enhancer–promoter interactions is a fundamental

mechanism underlying differential transcriptional control. Cell-

specific 3D chromatin folding brings specific enhancers in contact

with their target promoters in cis to regulate gene expression in a

cell type-specific manner. Genome-wide studies have shown that

the architectural proteins CTCF and its frequent associated partner

cohesin are important for partition of the genome into largely

conserved topologically associating domains or TADs on the mega-

base (Dixon et al, 2012; Nora et al, 2012; Phillips-Cremins et al,

2013). These architectural proteins along with the large mediator

complex contribute directly to enhancer–promoter communication

by mediating loop formation (Malik & Roeder, 2010; Ong & Corces,

2014). In embryonic stem (ES) cells and in mouse embryonic fibrob-

lasts, RNAi studies showed that cohesin and the mediator complex

are necessary for enhancer–promoter interactions of pluripotency

genes (Kagey et al, 2010).

Although the role of transcription factors in mediating associa-

tion between specific regulatory elements in the genome is well

characterized, the nature of the protein complexes required for

establishing and maintaining these interactions has remained

elusive and identifying the functional interactions in the context of

the large number of noisy contacts remains a real challenge.

Changes in the levels of architectural proteins have been associ-

ated with disease. For instance, RAD21 expression was shown to

be significantly lower in invasive breast cancers compared with

their in situ counterparts (Xu et al, 2011). Moreover, transcription

factors can interact with architectural proteins and contribute to

the cell-specific 3D genome topology (Faure et al, 2012; Yan et al,

2013).

In this study, we describe a functional crosstalk between PR and

C/EBPa, which acts as inhibitor of breast cancer cells proliferation.

Progestins induced the expression of C/EBPa, which participates in

hormone regulation in different ways. In around 1,000 DNA

enhancer regions C/EBPa assists PR binding by maintaining the

chromatin in an open conformation. In these sites, C/EBPa is also

required to establish and to maintain promoter–enhancer contacts

that assure the progestin regulation of key genes involved in cell

proliferation, such as DUSP1. C/EBPa fulfills this function via inter-

actions with RAD21, YY1, CTCF, and the Mediator complex. More-

over, we identify topoisomerase IIa (Top2a) as a previously

unknown factor in C/EBPa function, required for both mechanisms

of cooperation with PR. Our results demonstrate that PR and

C/EBPa cooperate in a gene expression program that enables

controlled cell growth in the presence of progestins.

Results

C/EBPa is a hormone-target gene that modulates hormonal
gene regulation

To address the possible role of C/EBPa in breast cancer cells, we

measure its expression in the ER+ and PR+ T47D cell line exposed

to hormones. In cells cultured for 4 h in medium containing 10%

serum deprived of hormone by treatment with dextran-coated char-

coal (CS-FBS), we found an 8-fold increase in C/EBPa expression

after 6-h exposure to the progestin R5020 (Fig 1A, top left panel).

Time curve experiments showed that the levels of C/EBPa mRNA

increased already after 3 h, reached a peak at 6 h, and decreased

gradually thereafter (Fig 1A, top right panel). ChIP-seq of PR after

exposure to hormone for 60 min showed two strong peaks around

the C/EBPa gene region located at �8.2 kb and �5.4 kb from the

TSS, as well as two weak peaks inside the gene (Fig 1A, lower

panel), indicating that the C/EBPa gene could be a direct target of

PR. The C/EBPa protein levels increased after 6 h of hormone expo-

sure and reached a peak after 19 h (Fig EV1A, left panel). The levels

of the related protein C/EBPb also increase in the presence of

hormone, but this increment is moderate and delayed compared to

that of C/EBPa (Fig EV1A, right panel and Fig EV1B).

To test whether CEBPa influences the regulation of hormone-

dependent genes, T47D cells were transfected with control siRNAs

and with siRNAs against C/EBPa. We found that progestin induction

of the Dual Specificity Phosphatase 1 (DUSP1) gene and progestin

repression of the PR gene (PGR) were significantly reduced by

C/EBPa knockdown (Figs 1B and EV1C). To explore the generality

of these observations, we performed RNA-seq experiments in cells

transfected with siRNA against C/EBPa or with control siRNA and

exposed to hormone for 6 h. In siControl cells, we found 1,187 up-

regulated and 819 genes down-regulated by hormone (q < 0.01)

(Fig 1C). Of the hormone-induced genes, 20% were C/EBPa depen-

dent, while for the hormone-repressed genes the proportion was

33.5%, suggesting that C/EBPa plays a more general role during

hormonal gene regulation, particularly in down-regulated genes

(Fig 1C). Analysis of the Gene Ontology (GO) categories revealed

that the C/EBPa-dependent up-regulated genes were primarily impli-

cated in cellular metabolic process, RNA splicing and processing,

while the down-regulated genes were involved in the regulation of

cell cycle, mitotic cell cycle, cellular response to DNA damage and

DNA repair (Fig EV1D). Among them, we found 49 genes associated

with cell cycle and cell proliferation such as the cell cycle modula-

tors CNTD1, CKS2, and the cyclin-dependent kinase 4 inhibitor

CDKN2D; the G2 mitotic-specific cyclin B2 (CCNB2), the transcrip-

tion factor involved in cell cycle E2F1, and genes associated with

DNA repair such as XRCC2, PCNA, BRCA1, and its associated RING

domain protein BARD1 and BRIP1 (Appendix Fig S1A). Confirming

their proliferative function, the expression of these 49 genes

increased proportionally with the breast cancer tumor grade

(Appendix Fig S1B, left panel) and its expression is associated with

a decreased overall survival of the patients (Appendix Fig S1B, right

panel). We also found several up-regulated genes with anti-prolif-

erative functions such as DUSP1, DUSP2, STAT4, IL12, GAS7, and

RASAL2 that could complement the cell growth arrest program

triggered by progestins. Expression of these genes tends to be

anti-correlated to tumor grade, though not significantly
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(Appendix Fig S1C, left panel) and was associated with longer

survival (Appendix Fig S1C, right panel).

C/EBPa mediates the inhibitory effect of progestins
on cell proliferation

Previous studies using PR-positive breast cancer cell lines demon-

strated a biphasic cellular response to progestins, with an immediate

proliferative burst followed by a sustained growth arrest (Groshong

et al, 1997; Musgrove et al, 1998; Skildum et al, 2005). We con-

firmed these findings in T47D cells and found that progestin-

induced cell proliferation was significantly increased by C/EBPa
knockdown (Fig 1D). Cells depleted of C/EBPa showed a delayed

growth arrest phase, suggesting an anti-proliferative role for C/EBPa
(Gery et al, 2005). To expand this finding, we generated a T47D cell

line that expresses recombinant CEBPa under the control of doxycy-

cline (Dox) (T47DindC/EBPa). The increase in C/EBPa (Fig 1E, left

and middle panels) correlated with a decrease in cell number

(Fig EV2A, upper panel) as well as in the percentage of cells in S

phase detected after hormone (Fig 1E, right panel). The effect of

overexpressed C/EBPa was also observed in MCF7 and BT474 cells

(Fig EV2A, middle and lower panels), although these breast cancer

cell lines express different levels of estrogen receptor (ER) and PR

(Fig EV2A, inset). Moreover, in MCF7 cells, we confirmed that

C/EBPa knockdown increased cell growth as observed in T47D cells

(Fig EV2B).

In contrast to progestins, estrogens induce continuous prolifera-

tion of breast cancer cells. We found that estrogens did not increase

but rather decreased the levels of CEBPa by 40–50% in T47D and

MCF-7 cells (Fig EV2C). This could in part explain the strong prolif-

erative action of estrogens in breast cancer cells.

To identify the genes responsible for the anti-proliferative role of

CEBPa, we performed RNA-seq in T47D cells expressing Dox-indu-

cible CEBPa untreated or treated for 8 and 16 h with Dox. We found

407 and 262 genes up- and down-regulated, respectively, at these

time points (Fig EV2D). Gene ontology analysis revealed categories

associated with the regulation of cell proliferation, metabolic

process, signaling, developmental processes, and cell differentiation

(Fig EV2E). We compared the RNA-seq data from T47D cells

exposed to hormone with T47DindC/EBPa cells treated with Dox for

8 h. We found that 13% of the down- and 17% of the up-regulated

genes identified after Dox induction—around 8- and 6-fold more

than expected by chance, respectively—showed the same trend in

cells exposed to R5020 (Fig EV2F).

C/EBPa acts as a cell growth modulator in vivo

During the development of the mammary gland, progestins stimu-

late the growth of stem and progenitor cells (Joshi et al, 2010). In

hormone-responsive breast cancers, progestins increase the stem

cell-like population by converting ER+/PR+ cells to receptor nega-

tive cells that acquire expression of the tumor-initiating markers

CD44 and cytokeratin 5 (CK5; Cittelly et al, 2013). Therefore, we

explored whether C/EBPa is involved in the hormone-dependent

dedifferentiation of luminal breast cancer cells. To address this

point, we used the cell line expressing Dox-inducible C/EBPa and

measured the proportion of CD44high/CD24low cells by FACS sorting.

Upon overexpressing CEBPa, the proportion of cells expressing

CD44high/CD24low was reduced by 5-fold (Fig 2A, right panel).

Exposure of T47D cells to R5020 for 24 h increased by approxi-

mately 3-fold the cell population expressing stem cell markers. Upon

overexpression of CEBPa, the dedifferentiated cells increased with

hormone, but the proportion of these cells remained very low

(Fig 2A, left panel). Thus, high levels of C/EBPa compromise the

ability of hormones to induce dedifferentiation, suggesting that

C/EBPa may function as a growth modulator in breast cancer cells.

An analysis of a cohort of 21 human invasive breast carcinomas

and 90 invasive ductal and lobular carcinomas (Curtis et al, 2012)

revealed reduced levels of C/EBPa compared with 144 samples of

normal breast (Rhodes et al, 2004), and C/EBPa overexpression

◀ Figure 1. In breast cancer cells, C/EBPa is a hormone-target gene and modulates hormonal gene regulation and cell proliferation.

A Top left panel: Hormone-induced fold change in the expression of mRNA for C/EBPa in T47D cells exposed to vehicle (T0) or to progestin (10 nM R5020) for 6 h
(+R5020). The fold change relative to T0 is expressed as mean � SD from three experiments performed in duplicate. Top right panel: Time kinetics of C/EBPa mRNA
expression after hormone induction in T47D cells. The fold change relative to T0 is expressed as mean � SD from three experiments performed in duplicate. Lower
panel: Snapshot of the genome browser showing the profile of PR ChIP-seq at T0 and after 60 min of hormone exposure (+R5020) around the C/EBPa gene shown in
the upper right corner. The direction of transcription indicated.

B T47D cells transfected with control or C/EBPa siRNAs were treated with 10 nM R5020 for the indicated time periods; cDNA was generated and used as template for
real-time PCR with DUSP1 (upper panel)-specific and PGR (lower panel)-specific primers. The values are given as mean � SD from three experiments performed in
duplicate. The inset shows the level of C/EBPa depletion by Western blot, using LSD1 as loading control. P-values were obtained by Student’s t-test and are relative to
time zero (*P ≤ 0.05 and **P ≤ 0.01)

C Effect of C/EBPa knockdown on global hormonal gene regulation. T47D cells transfected with control or C/EBPa siRNAs were incubated with 10 nM R5020 for 6 h,
and RNA-seq experiments were performed as described in the Materials and Methods. The number of significant (q < 0.01) differentially expressed genes upon
exposure to hormone identified in each of the siControl and siC/EBPa systems is shown. Differential expression analysis between treated and control conditions was
done with R (https://www.R-project.org/) package DESeq2 (Love et al, 2014), selecting as significant those genes with an adj. P < 0.01 and a fold change > 2 between
conditions.

D Effect of C/EBPa depletion in T47D cells on hormone-induced entry in S phase. Cells were treated with Ethanol or R5020 for different time periods and subjected to
flow cytometric analysis. Data are represented as mean � SD from three experiments performed in duplicate. The P-values were obtained using ANOVA followed by
Tukey test.

E Left panel: Levels of C/EBPa expression in cells transfected with a Dox-inducible TetO-C/EBPa vector (T47DindC/EBPa) incubated with different concentrations of
doxycycline, as detected by Western blot. Middle panel: T47DindC/EBPa were induced with doxycycline (1 lg/ml Dox) for 16 h and the expression of C/EBPa was
detected by immune fluorescence microscopy. Right panel: Quantitation of the percentage of T47DindC/EBPa cells entering in S phase upon exposure to Dox
(1 lg/ml) for 1 or 3 h followed by hormone induction for 18 h. Data are represented as mean � SD from three experiments performed in duplicate. The P-values
were obtained using ANOVA followed by Tukey test.

Source data are available online for this figure.
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correlates with better prognosis and longer survival (Appendix Fig

S2A and B). These observations suggest that C/EBPa may behave as

a tumor suppressor in breast cancers. To test this hypothesis in a

more physiological in vivo model, we injected Control and C/EBPa-
overexpressing T47D cells into the mouse milk duct of

immune-suppressed mature female mice (Sflomos et al, 2016). The

intraductal microenvironment enables ER+ breast cancer cells to

grow in vivo and form tumors that recapitulate the human disease,

with the mouse systemic hormone levels (Fig 2B, left panel) (Sflo-

mos et al, 2016). In vivo monitoring of engrafted mice by lumines-

cence showed that the tumors derived from T47D overexpressing C/

EBPa grew significantly slower than control T47D cells (Fig 2B,

right panel), supporting a role of C/EBPa as tumor modulator in

breast cancer.

We next asked if the suppressive effect of C/EBPa on cell prolif-

eration was directly associated with the presence of PR. To answer

this question, we established a C/EBPa-inducible system in the PR-

negative T47Dy cells (Horwitz et al, 1995). The inhibitory effect of

growth upon C/EBPa induction by DOX was significantly delayed in

T47Dy cells compared to the wild-type counterpart (Fig 2C), indicat-

ing that C/EBPa requires progestin activity to elicit its full effect as

growth regulator in breast cancer cells.

Genome-wide distribution of PR and C/EBPa

To explore the mechanism of the CEBPa effect on hormone-induced

cell proliferation, we performed ChIP-seq using specific PR and C/

EBPa antibodies (Nacht et al, 2016) and Appendix Fig S3A to

analyze the genome-wide distribution of these proteins in T47D

cells. Using a stringent peak calling approach (see Materials and

Methods), we found 143 PR peaks before and 13,766 peaks after 6-h

hormone exposure, while for C/EBPa we found 8,468 peaks before

and 32,482 after hormone exhibiting considerable (36.3%) overlap

(Fig 3A and B). Integration of the ChIP-seq profiles from both tran-

scription factors identified three unique clusters of PR and C/EBPa-
binding (Fig 3C, left panel):

1 Cluster 1 composed of 1,061 C/EBPa-assisted PR binding sites,

which are occupied by C/EBPa but not by PR prior to hormone

exposure and exhibit both factors bound after hormone expo-

sure.

2 Cluster 2 composed of 8,987 induced shared PR-C/EBPa bind-

ing sites, which do not exhibit binding of either factor prior to

hormone exposure and are occupied by both PR and C/EBPa
upon hormone exposure.

3 Cluster 3 composed of 27,715 C/EBPa�constitutive sites, which

are constitutively occupied by C/EBPa and exhibit very low if

any PR binding after hormone exposure.

Motif analysis showed that the NR3C1 group of nuclear receptors

(GRE, PRE, ARE), C/EBPA and FKHD (FOXA1) motifs were enriched

in group 1, while only GRE and FOXA1 in group 2 (Fig 3C, right

panels). Interestingly, although C/EBPa is bound before PR in

cluster 1, other additional DNA motifs as FOXA1 and PRE were

found significantly enriched at almost the same level as the CEBPA

(1e-132, 1e-130, and 1e-119 for CEBPA, PRE, and FOXA1, respec-

tively). Moreover, in “assisted” regions the CEBPA motif is underes-

timated compared to “C/EBPa constitutive” (55 vs. 79.3%), a cluster

exclusively driven by C/EBPA and where only the CEBPA motif is

found (Fig 3C, right panels). Therefore, binding of C/EBPa to cluster

1 would occur via a different sequence motif or via protein–protein

interaction with another pre-bound factor, possibly FOXA1.

As the FKHD motif (G/A-C/T-AAAC/T-A) is found in the

“assisted” regions at T0 (Fig 3C), we hypothesized that the pioneer

factor FOXA1 could be enriched in these regions and could partici-

pate in C/EBPa anchoring. To address this point, we performed the

ChIP-seq of FOXA1 in T47D cells and found that before hormone

exposure “assisted” regions exhibit higher FOXA1 occupancy,

compared with the other clusters (Fig 3C, left panels). Only a slight

increase in FOXA1 binding is observed after hormone exposure,

supporting its function as a pioneer factor. The “induced shared”

cluster showed increased in FOXA1 signal after hormone exposure

compared with group 3 (Fig 3C, left panel). To determine whether

FOXA1 and C/EBPa can physically interact, we performed co-immu-

noprecipitation (co-IPs) experiments using breast cancer cell

extracts. We found a weak interaction in the absence of hormone

that increases after 6 h of hormone exposure (Fig 3D, lanes 3–4). As

DNA binding proteins can associate during IP due to their adjacent

binding on DNA, we repeated the co-IP experiments in the presence

of the nuclease benzonase. We found that the interaction between

and FOXA1 is not affected by the presence of benzonase, pointing to

a direct protein–protein interaction (Fig 3D, compare lanes 4 and 6).

To identify at near single nucleotide resolution binding locations

of PR genome-wide, we carried out PR ChIP-exo experiments in

T47D cells treated with hormone (Rhee & Pugh, 2011). First, we

◀ Figure 2. C/EBPa inhibits hormone-induced expression of stem cell markers and acts as a cell growth modulator in vivo.

A T47DindC/EBPa cells induced or not with Dox were untreated or exposed to R5020 for 24 h, and the expression of CD44 and CD24 was measured using specific
antibodies (CD44-APC and CD24-P, respectively) and fluorescence-activated cell sorting analysis. Data are represented as mean and SD from three experiments
performed in duplicate. The P-values were obtained by ANOVA followed by Tukey test.

B Left panel: Scheme of the Mouse Intra-Ductal (MIND) xenograft approach: tumor cells expressing luciferase are injected intraductally via the teat (Sflomos et al,
2016). Seven days after injection, CEBPa expression is induced with 2 mg/ml doxycycline in the drinking water maintained throughout the experiment. Tumor growth
is assessed by bioluminescence (IVIS). Right panel: Tumor growth of T47DindC/EBPa-MIND marked with luciferase (Sflomos et al, 2016) treated or not with Dox was
assessed by bioluminescence. Results are shown as means � SEM. Five mice were used for each condition. In total, 17 and 19 glands were analyzed from control and
C/EBPa. P-values were obtained by Student’s t-test and were calculated relative to control animals (*P ≤ 0.05)

C Upper panels: T47DindC/EBPa and T47DyindC/EBPa (PR-) cells expressing inducible recombinant C/EBPa were exposed to Doxycycline (1 lg/ml) for different times,
and then, the number of cells was monitored. Data are represented as mean � SD from two experiments performed in triplicate. P-values were obtained by Student’s
t-test and were calculated relative to untreated (�DOX). The numbers in parenthesis correspond to the average of the ratio +DOX over �DOX for each time point.
Lower panels: T47D- and T47Dy-inducible C/EBPa cells were treated with doxycycline (1 lg/ml Dox) for 24 h, and the expression of C/EBPa was monitored by
immune fluorescence microscopy (left) and Western blot (right). The Western blot confirms that T4Dy cells do not express PR. HP1c was used as loading control. The
band with a molecular weight around 55 kDa correspond to the TetO-C/EBPa ds Tomato fusion protein.

Source data are available online for this figure.
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examine the gap in bps between the PRE and adjacent motifs. In

590 “assisted” regions, PR binds to a half palindrome (50-TGTTCT-
30) around FOXA1 and C/EBPa motifs located in average at 66 and

82 bp, respectively (Fig 3E, right panel). In the remaining 69

regions, PR binds to a complete PRE palindrome and the most

frequent gap between PRE and FOXA1 was 14 and 20 bp between

PRE and C/EBPa (Fig 3E, left panel). Thus, FOXA1 and C/EBPa
could facilitate PR binding to “assisted” regions through a short-

range mechanism, within a nucleosome.

To obtain a global measure of the contribution to gene regulation

of C/EBPa- and PR binding regions, we calculated the distance of

the peaks in each of these three clusters to the closest transcription

start sites (TSS) of hormone-regulated genes (Fig 3F). Regions in

clusters 1 and 2 are localized closer to the TSS of hormone-activated

genes compared to the rest (Fig 3F, left panel). Cluster 3 sites are

significantly further away from up-regulated transcripts compared

to “assisted” and “induced shared” peaks (P-value = 1 e-101). This

is particularly remarkable considering the difference in the number

of peaks between this cluster (~27,000) and clusters 1 and 2 (~1,000

and ~9,000, respectively). When hormone-repressed genes were

analyzed, “assisted” and “induced shared” regions are found at the

same distance from the TSS of regulated genes as cluster 3, and the

differences with the random regions are reduced (Fig 3F, right

panel).

Of note, in the “C/EBPa-constitutive” cluster 3 binding of

C/EBPa is gained in the presence of the hormone without a direct

participation of PR as a tethering factor (Fig 3C). The increase in

C/EBPa signal in this category could be due to the global increase in

C/EBPa protein levels upon hormone exposure (Fig EV1A, left

panel). Analysis of the genomic distribution showed similarities

between the different clusters with an over-representation of introns

and of 1–5 kb from the TSS in “assisted” and “induced shared”

regions (Appendix Fig S3B).

Next, we use Genomic Regions Enrichment of Annotations Tool

(GREAT; McLean et al, 2010) to gain insight into the gene ontology

of “assisted” and “induced shared” clusters. “Assisted” regions were

enriched for terms associated to genes with the following character-

istics: (i) down-regulated in breast cancer and in basal subtype of

breast cancer, (ii) involved in therapy resistance to tamoxifen

(breast tumors and xenografts), and (iii) related to breast cancer

(Appendix Fig S4, upper panel). On the other hand, categories asso-

ciated with regulation of genes by estrogens and androgens in MCF7

and LNCAP cells, respectively, as well as genes regulated by Beta

Parvin in 3D organoids of the triple-negative MDA-MB-231 cells

were overrepresented in the “induced shared” regions

(Appendix Fig S4, bottom panel). This data conclude that “assisted”

genomic regions might play a more direct role in regulating genes

associated with breast cancer.

“Assisted” regions are packaged into H1-depleted nucleosomes
and exhibit characteristics of active enhancers

Taking into account that C/EBPa and FOXA1 could cooperate to

allow PR binding in a nucleosomal range (Fig 3E), we next asked if

the DNA of the “assisted” regions is packaged into nucleosomes. We

performed micrococcal nuclease (MNase)-seq assays in T47D cells at

two concentrations of MNase (30 and 270 units). Our results showed

that a nucleosome-like particle is detected in both “induced shared”

and “assisted” regions, while “C/EBPa -constitutive” and random

regions do not showed protection to MNase (Fig 4A, left panel). The

increase in nuclease concentration caused the loss of nucleosomal

signal, preferably in the “assisted” regions, which would support the

presence of a loose nucleosome (Fig 4A, middle panel).

The linker histone H1 binds to the entry/exit sites of DNA on the

surface of the nucleosomal core particle and completes the nucleo-

some. H1 has been linked to higher-order chromatin compaction

and global gene silencing (Hergeth & Schneider, 2015). Next, we

wonder whether this open nucleosome that is detected in the

“assisted” regions lacks histone H1. Analysis of the average profiles

of the H1.2 ChIP-seq corresponding to “assisted” regions showed a

significant depletion of H1.2 compared to the other clusters (Fig 4A,

right panel). Therefore, the “assisted” regions are assembled in

nucleosomes depleted of H1, which constitutes an optimal platform

for the cooperation between PR, FOXA1, and C/EBPa.
“Assisted” and to a lesser extent “induced shared” regions

exhibit an open chromatin conformation and high degree of histone

◀ Figure 3. Genome-wide binding of PR and C/EBPa in T47D cells.

A Left panel: number of peaks identified by ChIP-seq for PR and C/EBPa. Right panel: Venn diagrams of the overlap between PR and C/EBPa at T0 and 6 h after
hormone induction.

B Overlapping of PR and C/EBPa genome binding sites. Based on the analysis of ChIP-seq experiments, the Sitepro (CEAS package) analysis (see Materials and Methods)
was employed to plot PR and C/EBPa (at time T0 and 6 h after hormone exposure). For each factor, the average �logPoisson P-values were plotted within a window
of � 3 kb.

C Heat maps of the genomic binding of FOXA1, C/EBPa, and PR before and after exposure to R5020 for 60 min. The ChIP reads are shown within a 16 kb window
centered on the C/EBPa peaks. Based on the analysis of ChIP-seq experiments, sequenced reads were aligned to the human genome, the peaks of enrichment were
defined, and the P-values of the ChIP reads were calculated in each window (50 bp). Significant peaks were defined as previously shown (Ferrari et al, 2012). The
most abundant binding motifs identified using MEME suite SpaMo tool are shown on the right.

D The interaction between FOXA 1 and C/EBPa is not dependent on DNA binding. T47D cells exposed or not to hormone and treated or not with benzonase were lysed
and immunoprecipitated either with a-FOXA1-specific antibody or IgG. The immunoprecipitates (IP) were analyzed by immunoblotting with specific antibodies for
C/EBPa and FOXA1.

E Neighboring motif analysis on “assisted” regions. The PR ChIP-exo peaks either bound to a complete PRE (left) or half PRE (right) in assisted regions were mapped,
and the average distance with FOXA1 and C/EBPA motifs was calculated by using MEME suite SpaMo tool (Whitington et al, 2011).

F “Assisted” and “Induced-shared” regions are closer to hormone regulates genes. In each of the three clusters of ChIP-seq peaks identified in C, the closest differentially
expressed gene was determined (DETs, see Materials and Methods). Distribution of distances to the nearest hormone-regulated promoter is shown for each cluster
(bp). The distances corresponding to randomly selected regions were significant in all cases.

Data Information: In panels (E, F), the boxes represent interquartile ranges, horizontal lines the medians, and whiskers extend to the maximum and minimum values.
Source data are available online for this figure.
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acetylation compared with “C/EBPa-constitutive” regions (Fig 4B–D).

To explore whether these regions function as enhancers in breast

cancer cells, we performed ChIP-seq in the presence of hormone for

the most representative enhancer marks. Average profiles of the

reads corresponding to “assisted” as well as “induced shared”

regions present significantly more H3K27ac, P300, H3K4me1, BRG1,

and RNA polymerase II than “C/EBPa-constitutive” and random

regions (Fig 4E). Thus, these regions exhibit epigenetic features of

active enhancers in breast cancer cells.

C/EBPa is involved in 3D chromatin looping

So far, we have described that the “assisted” regions are located in

enhancers and closer to genes regulated by hormone. To perform their

action at distance, enhancers must interact with the promoter regions

of the target genes by establishing chromatin loops. To explore this

possibility, we used in situ Hi-C experiments, a method that probes the

3D architecture of whole genomes by coupling proximity-based liga-

tion with massively parallel sequencing (Lieberman-Aiden et al, 2009).

We found that prior to hormone exposure “assisted” and “induced

shared” regions associated with the promoters of hormone-regulated

genes exhibited more contacts compared with random regions, and

that upon hormone exposure the density of contact increases signifi-

cantly for the “assisted” regions (P < 0.05) (Fig 5A). Moreover, the

increase was limited to hormone-dependent promoters. If the analysis

was made for all the promoters, no significant change in contact

density was observed upon hormone exposure for any of the analyzed

regions (Fig EV3A). These findings support a function of the C/EBPa
in “assisted” regions, helping PR to accomplish its function in

hormone-dependent enhancers.

To gain additional insight into the molecular mechanism by

which PR and C/EBPa regulate target genes, we selected for further

analysis the gene DUSP1, which presents two “assisted” regions

located at 5 kb and 1.3 kb upstream of the TSS (Fig 5B). DUSP1

inactivates ERK1/2 by dephosphorylation of both threonine and tyro-

sine residues (Sun et al, 1993), and its hormone-dependent induc-

tion requires of C/EBPa (Fig 1B). Therefore, to verify the function of

C/EBPa we performed 3C assays in cells transfected with shRNA

against C/EBPa or shControl. We found that the two “assisted”

regions contact the promoter of DUSP1 before hormone exposure

(T0) (Fig 5C) and the interaction increases upon hormone exposure

(Fig 5E). Both the interactions at T0 and at T30 were dependent on

C/EBPa (Fig 5D). These results along with the expression assays

(Fig 1B) highlight the role of C/EBPa as an organizer of the genome

architecture allowing an appropriate hormonal induction.

To evaluate in more depth the effect of the hormone on enhancer–

promoter interactions, we perform Hi-ChIP of PR (Mumbach et al,

2016). We found that after hormone exposure, the �5 kb PR and

C/EBPa binding sites presented more contacts compared with the

untreated sample and involved the �1.3 kb “assisted” enhancer and

the DUSP1 proximal promoter (Fig 5B). Thus, the C/EBPa found at T0

in the “assisted” enhancers could be mediating the interactions with

the promoter that are preformed and detected before hormone, while

hormone induction increased these contacts.

C/EBPa interacts with cohesin, CTCF, YY1, and Mediator

Genome-wide studies showed that architectural proteins CTCF and its

frequent binding partner cohesin are important for organization of the

genome into topologically associating domains or TADs and in the

formation of promoter–enhancer loops (Dixon et al, 2012). In addition,

the large Mediator complex that is recruited to enhancers and the tran-

scription factor YY1 are also central players in connecting enhancers to

promoters (Weintraub et al, 2017). Therefore, we explored whether

these architectural proteins participate in C/EBPa -mediated looping by

using co-IP experiments followed by mass spec. We found that C/EBPa
interacts with components of cohesin complex SMC1A, SMC3, as well

as with Med15 and Med 4, subunits of the Mediator complex

(Fig EV3B). In ChIP-seq experiments of CTCF, RAD21, and Med1 in

T47D cells, we found an enrichment of RAD21 at T0 in the “assisted”

regions and a further increase after hormone exposure, whereas CTCF

showed an increased binding only after hormone exposure (Fig 5F, left

top panels). Analysis of Med1 ChIP-seq data also showed association

of Mediator complex at T0 in “assisted” regions and further increased

after hormone (Fig 5F, left lower panels). When a similar analysis was

performed with random regions, no significant enrichment was

detected (Fig 5F, right panels).

Next, we tested whether the presence of CTCF, RAD21, YY1, and

Med1 in the “assisted” regions depends on C/EBPa. Knockdown of

C/EBPa reduced by 60% C/EBPa binding at “assisted” regions asso-

ciated with the hormone-regulated genes AZIN1, SRCAP, ZBED3,

PPP1R14D, and DUSP1 (Fig 6A, left panel). We confirm these results

genome wide using as control the ChIP-seq of C/EBPa in C/EBPa
knockdown cells (Fig EV3C, upper panel). Concomitant with the

low levels of C/EBPa, we found a reduction in the levels of chro-

matin-bound YY1, Med12, and CTCF at T0 in the DUSP1 “assisted”

enhancer as well as in several other “assisted” regions (Fig 6A, right

panel and Fig 6B). This effect was specific for the “assisted” regions,

as no change was detected in the “induced shared” exclusive

regions (Fig EV3D). In addition, we found that the hormone-

induced RAD21 binding to “assisted” regions was also dependent on

C/EBPa, as its knockdown completely abrogated RAD21 recruitment

(Fig 6C, left panel). Moreover, ChIP-seq of RAD21 in C/EBPa
depleted cells compromised the hormone-dependent recruitment of

◀ Figure 4. “Assisted” and “Induced shared” regions exhibit characteristics of active enhancers.

A Nucleosomes occupancy in the different clusters was analyzed using MNase-seq in untreated T47D cells at 30 and 270 units of MNase as indicated (left panels).
ChIP-seq using H1.2-specific antibody was performed in untreated T47D cells (right panel). Average profiles of the reads for each group are shown.

B Sitepro (CEAS package) analysis was employed to plot average ATAC-seq for each cluster of Fig 3C. The average ATAC-seq values before and after hormone exposure
(+R5020) were plotted within a window of � 3 kb of the C/EBPa peaks.

C Sitepro (CEAS package) analysis was employed to plot average ATAC-seq for each cluster at time T0 within the same y axis.
D Heat map showing the enrichment (�logP) of H3K18ac and H3K27ac for each cluster of Fig 3C. Increasing color shades represent enrichment as calculated above(see

scales under the heat maps).
E Behavior of enhancer marks around C/EBPa peaks as detected using ChIP-seq experiments with specific antibodies to H3K27ac, H3K4me1, P300, BRG1, and RNA Pol II,

in untreated and in cells exposed to hormone. Average profiles of the reads for each group are shown.
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RAD21 to “assisted” regions (Fig EV3C, lower panel). In fact, in the

presence of hormone C/EBPa knockdown relocated 52% of RAD21

peaks to new genomic regions (958 out of 2010 RAD21 binding

sites). Therefore, several structural proteins known to mediate the

3D contacts between enhancers and promoters, such as YY1, Media-

tor, and the cohesin complex, depend on C/EBPa to enable the gene

structure that ensures proper regulation.

C/EBPa maintains the “assisted” regions in an accessible
chromatin conformation

To explore whether C/EBPa is required for proper PR binding at

“assisted” and “induced shared” regions, we performed ChIP-seq

experiments of PR in cells expressing either shRNA-Control or

shRNA-C/EBPa before and after exposure to hormone. Hormone-

dependent binding of PR to “assisted” regions was compromised by

50% in C/EBPa-depleted vs Control cells (Fig 6D, left panel), in line

with the extent of chromatin-bound C/EBPa in knockdown cells

(Fig EV3C, upper panel). Binding of PR to “induced shared” regions

was partially affected by C/EBPa knockdown (Fig 6D, third panel

from the left), suggesting that C/EBPa would have a role as PR co-

activator in these regions.

To gain insight into the molecular mechanism of this effect, we

performed quantitative DNAse I accessibility experiments (Di

Stefano et al, 2014) on “assisted” regions. Before hormone exposure

(T0), depletion of C/EBPa decreased access of the nuclease to DNA

in “assisted” regions, compared with shControl cells, while no dif-

ference was detected in “induced shared” regions (Fig 6E). Thus,

C/EBPa maintains the “assisted” regions in accessible conformation

ready for binding of ligand-activated PR and associated proteins.

A role for Topoisomerase 2a and P300

Transcription factors often cooperate with multiprotein complexes

that contribute to their transcriptional output. To identify the

proteins that interact with C/EBPa and could mediate its effects, we

performed immunoprecipitation of C/EBPa followed by mass spec

in a T47D cell line expressing inducible C/EBPa (see Materials and

Methods). Analysis of the enriched peptides showed that the inter-

acting proteins function in chromatin remodeling, chromatin modifi-

cation, mitotic cell cycle, DNA conformation change, DNA repair,

and nucleosome organization (Fig EV4A, upper panel). By using the

CORUM database (Ruepp et al, 2008), we identify SWI/SNF (BAF),

NURD, and CHD complexes as well as histone deacetylases

(Fig EV4A, lower panel) as enriched interactors. Moreover, we

found five members of the KDM1A/HDAC/REST (HP1c-LSD1.com)

previously reported as a complex involved in basal and active

repression of genes (Vicent et al, 2013; Nacht et al, 2016). Besides

BRG1, BAF170 and BAF57, subunits of SWI/SNF (BAF) complex,

we also found the acetyltransferase P300 associated with C/EBPa
(Fig EV4A, upper panel). We confirmed by ChIP-seq that P300 as

well as BRG1 are both enriched in “assisted” and “induced shared”

regions (Fig EV4B and E). Trim 28 (Friedman et al, 1996) and the

RSF complex (LeRoy et al, 1998; Orphanides et al, 1998) were also

found associated with C/EBPa (Fig 5C). We validated by co-IP

several of the C/EBPa interactors: BRG1, BAF170, SNF2h, CHD4,

KDM1, CBX3, and PR (Fig EV4C). Interestingly, other enriched

interactors such as DDB1, PARP1, Topo I, Topo2a, and Rad50 are

known to be associated with DNA repair (Nacht et al, 2016). We

found that BRG1, P300, SNF2h, CHD4, LSD1, HDAC1, Topo2a, and
TRIM28 were also associated with endogenous C/EBPa in the pres-

ence of hormone (Fig EV4C, right panel).

We were intrigued by the possible role of Topo2 in view of the

importance of topoisomerases during gene activation by nuclear

receptors in MCF7 breast cancer cells (Ju et al, 2006). Moreover, it

has been recently proposed that Topo2a synergizes with BAF (SWI/

SNFa) to promote binding of pluripotency factors in embryonic stem

cells (Miller et al, 2017). Therefore, we tested whether PR, C/EBPa,
and Topo2a physically interact in breast cancer cells. By co-IP

experiments, we found that PR is associated with C/EBPa and

Topo2a only after exposure to hormone (Fig 7A, upper panel,

compare lanes 2 vs. 3). Conversely, Topo2b and C/EBPb did not

interact with PR (Fig 7A, lower panel). Next, we tested whether

Topo2a could be anchored by C/EBPa at the “assisted” regions

◀ Figure 5. C/EBPa is involved in 3D chromatin looping.

A Hi-C contacts of the indicated regions with promoters of hormone-dependent genes. Pair (promoter/region) significance was obtained by contrasting the observed
number of contacts against a null distribution composed of 500 random pairs at the same distance. Then, promoter enrichment was estimated as the 99 percentile (a
robust maximum) of the nearby selected regions (from 20 to 200 kb) corresponding to the most likely putative regulator. The boxes represent interquartile ranges,
horizontal lines the medians, and whiskers extend to the maximum and minimum values.

B Snapshot of the genome browser for the DUSP1 gene (schematically shown at the top). Upper line: C/EBPa ChiP-seq. Two upstream peaks located at �1.3 and �5 kb
from the TSS and showing C/EBPa binding are depicted. Middle line: Hi-ChIP profile using a PR-specific antibody and cells prior to hormone exposure. Lower line:
similar Hi-ChIP profile in cells exposed to progestin for 60 min. Underneath the graph, the regions selected for designing the oligonucleotides used for 3C
quantification by PCR are indicated.

C Top panel: Scheme showing the interactions analyzed by 3C.
Bottom panel: Quantification of the 3C experiments performed on Mbo I digested and religated or not chromatin from T47D cells as indicated. 3C results were
quantified by qPCR using primers spanning within the DUSP1 gene and the two putative enhancers. Primer #4 as well as primers including the PR binding site in the
Bcl-x gene were used as controls. Data are representative of four experiments. Data are represented as mean and SD from four experiments performed in duplicate.

D 3C experiments were performed on chromatin obtained from untreated shControl and shC/EBPa T47D cells. The combination of the anchor primer 1 with primers 5
or 3 indicates the contacts between the DUSP1 gene and the two putative enhancers. Data are representative of four experiments. Data are represented as mean and
SD from four experiments performed in duplicate.

E 3C experiments were performed on Mbo I digested and religated or not chromatin from T47D shControl and sh C/EBPa cells treated or not with hormone as
indicated. Data are represented as mean and SD from four experiments performed in duplicate.

F Heat maps of the ChIP-seq profiles of CTCF, RAD21, and Med1 for the “assisted” and random regions in cells prior to hormone exposure (T0) and in cells exposed to
progestins for 60 min (+R5020).

Data information: 1–2, 1–3, 1–4, and 1–5 indicate combinations of anchor primer 1 with primers 2, 3, 4, and 5, respectively, for the RT–PCRs presented in panels (C–E).
Different italic letters (a,b) are significantly different from each other (*P ≤ 0.001) using Student’s t-test.
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using (eto)-ChIP (Miller et al, 2017) and specific antibodies for

Topo2a. Using ChIP-seq, we found that C/EBPa depletion signifi-

cantly reduced Topo2a in “assisted” regions independently of

hormone (Figs 7B and EV5A). Inhibition of Topo2a with the cata-

lytic inhibitor ICRF-193 makes the chromatin of “assisted” regions

unaccessible, similarly to what was observed with C/EBPa knock-

down (Fig 7C and compare with Fig 6E). The involvement of

Topo2a in DUSP1 gene regulation is supported by the observation

that the hormone-dependent induction was impaired in a dose-

dependent manner by the specific inhibitor ICRF-193 (Fig 7D). In

order to extend our conclusions, we performed RNA-seq experi-

ments in cells treated or not with hormone and ICRF-193. We found

that 61.3% of the up-regulated and 50% of the down-regulated

genes (702 and 311 genes, respectively) require Topo2a activity to

properly respond to hormone (Fig 7E). The combined analysis with

the RNA-seq performed in C/EBPa depleted cells (Fig 1C) showed

that 67% of the down-regulated and 74% of the up-regulated genes

(321 and 258, respectively) were dependent on both C/EBPa and

Topo2a, supporting a functional link required for hormone-depen-

dent transcriptional activity. As an example, ICRF-193 reduced the

chromatin accessibility of the �1.3 kb DUSP1 region and delayed

hormone-dependent cell growth arrest phase (Fig EV4D), highlight-

ing the role of Topo2a in DUSP1 gene regulation and hence in cell

cycle. This observation is in line with previous reports that increas-

ing DUSP1 protein expression suppresses growth of MCF-7 breast

cancer cells (Chen et al, 2005).

In addition, we found that P300 is enriched in “assisted” regions

prior to hormone exposure (Fig EV4B, left panel) and follows a

similar trend as Topo2a upon C/EBPa depletion (Fig 7B). As P300

acetylates H3K27 and H3K18, it could contribute to the opening of

the “assisted” regions along with Topo2a (Ju et al, 2006; Miller

et al, 2017).

Discussion

Though de-regulation of C/EBPa has been reported in several types

of cancer (Tomizawa et al, 2003; Roepman et al, 2005; Tseng et al,

2009; Lourenco & Coffer, 2017), the role of C/EBPa in breast cancer

and its regulation by estrogens and progesterone are largely

unknown. It is known that exposure of T47D breast cancer cells to

progestins induces entry in the cycle and one round of cell division,

followed by cell cycle arrest (Groshong et al, 1997; Musgrove et al,

1998; Skildum et al, 2005). In the context of these two phases, our

results revealed a complex crosstalk between PR and C/EBPa in

controlling hormone-dependent cell proliferation. Progestins induce

C/EBPa expression in breast cancer cells, and the increasing C/EBPa
levels turned out to be critical for cell cycle arrest and for the expres-

sion of progestin regulated genes. Around one-third (33.5%) of

down-regulated and almost one-fifth (20%) of the up-regulated

genes were affected by C/EBPa knockdown, showing that C/EBPa is

a main player during hormonal gene regulation. The genes depen-

dent on C/EBPa are involved in cellular metabolic process, RNA

processing, cell cycle, mitosis, and DNA damage repair.

After 20–48 h of incubation, progestins exert an inhibitory effect

on cell proliferation (Fig 1D); gene analysis indicated that this effect

would be mediated either by the inhibition of the pro-proliferative

genes involved in cell cycle (Appendix Fig S1), or by the activation

of anti-proliferative genes as DUSP1, resulting in an arrest in the cell

cycle. Notably, both gene expression programs depend on C/EBPa.
Breast cancer cells depleted of C/EBPa proliferate faster, suggest-

ing an anti-proliferative role for C/EBPa in breast cancer cells.

Although C/EBPa is important for tamoxifen-induced apoptosis

(Cheng et al, 2007), in T47D cells exposed to progestins, we see

growth arrest but no indication of apoptosis, as detected by cleavage

of PARP1 (Fig EV5A). In addition, high levels of C/EBPa compromise

the ability of progestins to induce the dedifferentiated cell phenotype

in 2D cultures and slow down the growth of cells injected in mouse

mammary ducts (Fig 2A and B), supporting a role of C/EBPa as

tumor modulator. Thus, C/EBPa is induced by progestins and contri-

butes to limiting the proliferative activity of breast cancer cells by

modulating the hormonal regulation of genes involved in cell growth.

Compared to progestins, estrogens are strong inducers of cell

proliferation in breast cancer cells and induce multiple rounds of

cell division (Groshong et al, 1997; Musgrove et al, 1998; Skildum

et al, 2005). In contrast to what is observed with progestins, estro-

gens decreased C/EBPa expression, in agreement with a negative

role in breast cancer cell proliferation. By ChIP-seq experiments, we

◀ Figure 6. C/EBPa is required for YY1, Med12, and RAD21 loading in “assisted” regions.

A Left panel: ChIP experiments of C/EBPa in cells expressing either shControl or shC/EBPa. The hormone-regulated genes associated with the “Assisted” regions and
tested by RT–PCR were AZIN1, SRCAP, ZBED3, PPP1R14D, and DUSP1 (n = 5; left panel). The inset shows the extent of C/EBPa depletion, using LSD1 as loading control.
Right panel: ChIP experiments of YY1, Med12, and CTCF in cells expressing either shControl or shC/EBPa at T0. Precipitated DNA was analyzed by PCR for the presence
of sequences corresponding to the assisted regions localized at �1.3 kb from the DUSP1 gene. Data are represented as mean � SD from three experiments performed
in duplicate.

B ChIP experiments of YY1 and Med12 in cells expressing either shControl or shC/EBPa before and after exposure to hormone. Precipitated DNA was analyzed by PCR
for the presence of sequences corresponding to the “assisted” regions (n = 5) as shown in panel (A). Data are represented as mean � SD from three experiments
performed in duplicate.

C ChIP experiments of RAD21 in cells expressing either shControl or shC/EBPa before and after exposure to hormone. Precipitated DNA was analyzed by PCR for the
presence of sequences corresponding to the “assisted” regions (n = 5) as shown in panel (A) (left panel) and DUSP1 (right panel). Data are represented as mean � SD
from three experiments performed in duplicate.

D ChIP-seq experiments of PR in cells expressing either shControl or shC/EBPa after exposure to hormone. Reads profile for “assisted”, “constitutive”, “induced shared”,
and “random” regions are shown.

E DNase I accessibility assays in cells expressing shControl and shC/EBPa and treated or not with hormone (see Materials and Methods). Accessibility was tested in 5
“assisted” regions as described in panel (A) and in 5 “induced shared” regions associated with ACOTT, WTAP, MUC21, CREBL2, and CAMKK2 genes. Each value
corresponds to the mean � SD of three experiments performed in duplicate. **P < 0.05 using Student’s t-test

Data information: (A–C) Different italic letters (a,b) are significantly different from each other (*P ≤ 0.05) using Student’s t-test.
Source data are available online for this figure.
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found an estrogen receptor binding site localized at 1.2 kb from the

TTS of the CEBPA gene, but whether this region is important for

estrogen mediated inhibition of C/EBPa is an interesting question

that requires further experiments as CRISPR/Cas9-mediated genome

editing.

We used ChIP-seq to explore the molecular mechanism of the

cooperation between the two transcription factors at the level of gene

expression, and found various forms of cooperative binding to gene

regulatory sequences (Bulger & Groudine, 2011). Although the

C/EBPa levels in untreated breast cancer cells are low (see Fig 1),

C/EBPa binding is concentrated in thousands of genes and assists

binding of ligand-activated PR by keeping its binding sites in an

accessible chromatin conformation prior to hormone exposure

(Fig 7F, top panel). These regions present both the consensus DNA

binding motif of C/EBPa and also a high chromatin accessibility,

which makes them attractive regions to the limited amount of C/

EBPa available.

In fact, gene ontology analysis revealed that “assisted” regions

might play a role in regulating genes associated with breast cancer

(Appendix Fig S4).

Our results point to a cooperation between PR and C/EBPa to

enhance a gene expression program that enables controlled cell

growth in the presence of hormone. This may be a more general

function of C/EBP family proteins, as glucocorticoid receptor (GR)-

binding sites are preoccupied by C/EBPb in liver, and disruption of

C/EBPb binding results in decreased chromatin accessibility and

reduced GR recruitment (Grontved et al, 2013). In the progestin-

induced gene DUSP1, where two “assisted” regions are found at

�1.3 and �5 kb from the TSS, the function of C/EBPa is to maintain

a preformed loop with the promoter region. In fact, C/EBPa knock-

down decreases the contacts between the “assisted” regions and the

DUSP1 gene promoter both in the presence and in the absence of

hormone (Fig 7F).

Our Hi-C data showed that “assisted” regions exhibit more long

distance interactions with hormone-regulated promoters compared

with the other regions. This suggests that C/EBPa could be involved

in maintaining the genomic loops that ensure the regulated expres-

sion of PR target genes associated with “assisted” regions.

We could infer from our data that part of the function of C/EBPa
in breast cancer is to provide the adequate 3D conformation to the

genome that guarantees the hormonal effect. For this, C/EBPa stabi-

lizes binding of structural proteins such as RAD21, YY1, and Media-

tor in the appropriate arrangement, allowing chromatin looping

between enhancers and promoters (Fig 6A–C). Therefore, C/EBPa
would participate promoting a nuclear architecture that guarantees

the correct hormonal-mediated gene regulation.

How does C/EBPa maintain “assisted” regions accessible for PR

binding? We found that C/EBPa achieves this function by interact-

ing with lysine acetyltransferase P300 and with DNA Topoisomerase

2a, and we cannot exclude a role for the chromatin remodeling

complex SWI/SNF. Although C/EBPa depletion did not significantly

affect the presence of SWI/SNF in several “assisted” regions (data

not shown), genome-wide analysis showed that BRG1 is enriched in

these regions and interacts with PR and C/EBPa. Acetylation cata-

lyzed by P300 could stabilize SWI/SNF binding through the bromo

domain of the ATPase BRG1. In fact, SWI/SNF complexes interact

directly with Topo2a and both remodelers could synergize to keep

the target chromatin in an open conformation, as previously

reported for the resolution of facultative heterochromatin (Miller

et al, 2017). However, maintaining the “assisted” regions accessible

likely requires additional factors. A good candidate is the pioneer

factor FOXA1, which interacts with C/EBPa in breast cancer cells,

as both are found in “assisted” regions. FOXA1 and C/EBPa could

cooperate at the nucleosome level to facilitate PR binding to the

“assisted” regions. FOXA1 by promoting the selective displacement

of histone H1 from “assisted” regions (Fig 4A), as previously

reported in liver (Iwafuchi-Doi et al, 2016), would enable loading of

C/EBPa ensuring chromatin opening and PR binding in the presence

of hormone.

It has been reported that topoisomerase 2b (Topo2 b) participates
in the activation of the pS2 gene in the presence of estrogens (Ju

et al, 2006). One of the mechanisms proposed for Topo2b regulation

of gene transcription is by favoring the exchange of histone H1 by

HMBG1/2 (Ju et al, 2006). This is compatible with the finding that

“assisted” regions are enriched in Topo2a at T0 and depleted of H1

(Figs 4A, 7B and EV5A). In fact, either depletion of C/EBPa or the

◀ Figure 7. C/EBPa anchors P300 and Topo2a maintaining an open chromatin conformation in “assisted” regions.

A Immunoprecipitates (IP) of lysates from T47D cells treated or not with hormone using an a-PR-specific antibody or IgG were electrophoresed and analyzed by
Western blot by immunoblotting with specific antibodies for C/EBPa, Topo2a (top panel), Topo2b (bottom panel), C/EBP b, and PR.

B ChIP experiments of P300, Topo2a, BRG1, and LSD1 were performed in cells expressing either shControl or shC/EBPa and tested in the “assisted” regions described in
Fig 6C.

C T47D cells treated or not with 12 lM of the Topo2a inhibitor ICRF193 were subjected to DNase I accessibility assays. The “assisted” regions described in panel (A)
were tested by RT–PCR. Each value corresponds to the mean � SD of three experiments performed in duplicate. **P < 0.05 using Student’s t-test.

D T47D cells were treated or not with 6 and 12 lM of the Topo2a inhibitor ICRF193 and 10 nM R5020 as indicated; cDNA was generated and used as template for real-
time PCR for the assisted region localized at �1.3 kb from the DUSP1.

E T47D cells treated or not with 12 lM of ICRF193 and 10 nM R5020 as indicated were subjected to RNA-seq experiments performed as described in the Materials and
Methods. The number of significant (q < 0.01) differentially expressed genes upon treatment with R5020 for 6 h identified in Control (Cont.) and ICRF-193 is shown.

F Model for the crosstalk between C/EBPa and PR in breast cancer cells. Upper left panel: In around 1,000 DNA “assisted” enhancer regions, C/EBPa assists PR binding
by maintaining the chromatin in an open conformation. To fulfill this function, C/EBPa anchors the acetyltransferase P300 and the topoisomerase 2a (Topo2a).
C/EBPa interacts also with components of the Mediator and cohesin complexes to maintain a 3D chromatin structure that assures the development of a gene
expression program that enables controlled cell growth in the presence of hormone. Lower left panel: PR and its associated co-regulators are recruited to assisted
regions upon hormone exposure. The structural proteins RAD21 and CTCF are also increased along with enhancer–promoter contacts. Right panels: In the absence of
C/EBPa, “assisted” enhancer regions are in a “closed” conformation and the 3D chromatin structure is lost along with the presence of architectural proteins. PR and
coactivators cannot longer be properly recruited to these regions, and the gene program associated with controlled cell growth is compromised.

Data information: (B, D) Different italic letters (a–c) are significantly different from each other (*P ≤ 0.05, **P ≤ 0.01) using Student’s t-test.
Source data are available online for this figure.
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inhibition of the topoisomerase closed the “assisted” regions as

would be expected in the presence of H1.

In this study, we provide a global picture of the cooperation

network between PR and C/EBPa in controlling chromatin remodel-

ing and gene expression, but many questions remain to be investi-

gated. In particular, how post-translational modifications activated

by hormones can affect this network is an intriguing one. In the

liver, phosphorylation of C/EBPa residue Ser193 has been shown to

be crucial for its growth arrest capacity as mutational studies

demonstrate that this modification is critical for the association with

cyclin-dependent kinases 2 and 4 (CDK2/CDK4) and E2F–Rb–Brm

complexes (Wang et al, 2001, 2006). In contrast, homozygous

CebpaDPHR/DPHR (DPHR) mice, carrying a modified cebpa allele

lacking amino acids 180–194, displayed no apparent adverse pheno-

types and failed to show any cell cycle or developmental differences

between the DPHR mice and their control littermates (Porse et al,

2006). Thus, further experiments performed in well-defined systems

will be necessary to reconcile these conflicting results.

The phosphatase PP2A and the kinase GSK3 were also reported

to regulate C/EBPa phosphorylation (Wang et al, 2004; Datta et al,

2007). C/EBPa can also be directly phosphorylated by ERK1/2 on

S21, leading to a conformational change that affects the ability of

C/EBPa to induce myeloid differentiation (Ross et al, 2004; Radom-

ska et al, 2006). Since progestins rapidly and transiently induced

ERK1/2 activity, it is possible that the activated kinases phosphory-

late C/EBPa and keep it inactive, enabling the initial activation of

the cell cycle in response to hormone. A few hours later, when

C/EBPa accumulates and ERK1/2 is no longer activated, dephospho-

rylation could contribute to the anti-proliferative action of C/EBPa.
We have preliminary evidence for C/EBPa S21 phosphorylation and

its sensitivity to ERK1/2 inhibitors, but further studies with

appropriate mutants are required to clarify the significance of this

signaling pathway.

Acetylation catalyzed by lysine acetyltransferases is another

important post-translational modification that plays a pivotal role in

numerous cellular processes. GCN5 can interact with and acetylate

C/EBPa on at least lysine K298 and K302 in the basic DNA binding

domain (DBD), leading to impaired DNA binding activity and granu-

locytic differentiation capacity (Bararia et al, 2016). Interestingly, in

the presence of hormone PR associated with C/EBPa also interacts

with several acetyltransferases and HDACs (Fig EV4C and Vicent

et al, 2013, 2009) that could regulate its activity.

The female sex steroids estrogen and progesterone are essential

for the proliferation of mammary epithelial cell, and the question

arises to what extend the role of C/EBPa we found in cancer cells is

relevant for the hormonal control of normal mammary gland devel-

opment and function. Targeted deletion of the C/EBPb isoforms

results in severe inhibition of lobuloalveolar development, a block

of functional differentiation, and subtle changes in ductal morpho-

genesis (Grimm & Rosen, 2003). The C/EBPa mRNA is expressed

throughout murine mammary gland development, but C/EBPa is

not essential during this process. C/EBPa mRNA and protein are

high during the early stages of lactation, expressed at lower levels

during the late stages of lactation/early involution, and only the

mRNA increases again during late involution (Raught et al, 1995;

Sabatakos et al, 1998). Thus, the development and function of

the mammary gland in mice depends more on C/EBPb. However,

the fact that the levels of C/EBPa can change throughout the

development, that a small amount of C/EBPa is sufficient to show

its effect in the “assisted” regions, and the possibility that develop-

ment of the human and the mouse mammary gland exhibit dif-

ferences in C/EBPa expression and distribution, leaves open a

possible role of C/EBPa in human normal breast.

The molecular mechanism by which C/EBPa acts in the crosstalk

with PR is mainly associated with its effect on transcriptional activa-

tion since it is involved in the decompaction of chromatin, the

increase of promoter–enhancer contacts, and the recruitment of

chromatin remodeling machineries (Figs 3, 5 and 6). However, we

must bear in mind that C/EBPa is also directly or indirectly involved

in the repression of a significant number of hormone-regulated

genes (Fig 1C). In fact, several mechanisms of gene repression

involving chromatin looping such as in the Dlx5-Dlx6 locus in mice

and the expression of the Kit cytokine receptor during terminal

erythroid differentiation have been reported to involve C/EBPa
(Horike et al, 2005; Jing et al, 2008).

In conclusion, we show that PR and C/EBPa cooperate to

enhance a gene expression program that enables controlled cell

growth and provides a possible explanation for the tumor “suppres-

sor” role of C/EBPa in hormone-dependent breast cancer.

Materials and Methods

Cell culture and hormone treatments

T47D breast cancer cells were routinely grown in RPMI 1640

medium supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml

penicillin, and 100 lg/ml streptomycin. For the experiments, cells

were plated in RPMI medium without phenol red supplemented

with 10% dextran-coated charcoal treated FBS (DCC/FBS), and 48 h

later, medium was replaced by fresh medium without serum. After

24 h in serum-free conditions, cells were incubated with R5020

(10 nM) for different times at 37°C. For the experiments with a short

arrest, cells were incubated for 4 h with 10% charcolized serum

before hormone treatment.

T47D shControl, T47D C/EBPa knockdown (shC/EBPa), indu-

cible C/EBPa (T47DindC/EBPa), and inducible C/EBPa MCF-7

(MCF7indC/EBPa) cell lines were established from T47D and MCF-7

cells (Sancho et al, 2008).

Chromatin immunoprecipitation in cultured cells

Chromatin immunoprecipitation (ChIP) assays were performed as

described (Strutt & Paro, 1999) using anti-PR (Santa Cruz, H190),

anti-C/EBPa (Cell Signaling, 8178S), anti-BRG1 [EPNCIR111A]

(Abcam, ab110641), anti-LSD1 (Abcam, ab17721), anti-Topo2a
(Santa Cruz, sc-3659), anti-P300 (Santa Cruz, sc-584x and sc-585x),

and anti-SRC3 (Santa Cruz, sc-9119x). Quantification of ChIP was

performed by real-time PCR using Roche Lightcycler (Roche). The

fold enrichment of target sequence in the immunoprecipitated (IP)

compared to input (Ref) fractions was calculated using the compara-

tive Ct (the number of cycles required to reach a threshold concen-

tration) method with the equation 2Ct(IP)-Ct(Ref). Each of these values

were corrected by the human b-globin gene and referred as relative

abundance over time zero. Primer sequences are available on

request.
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RNA interference experiments

All siRNAs were transfected into the T47D-MTVL cells using Lipo-

fectamine 2000 (Invitrogen). After 48 h, the medium was replaced

by fresh medium without serum. After 16 h in serum-free condi-

tions, cells were incubated with R5020 (10 nM) or vehicle (ethanol)

for different times at 37°C. The down-regulation of C/EBPa expres-

sion was determined by Western blotting. Primer sequences are

available on request. C/EBPa siRNAs were purchased from Dharma-

con (Thermo Scientific).

RNA extraction and RT–PCR

Total RNA was prepared and cDNA generated as previously

described (Vicent et al, 2006). Quantification of LUC and GAPDH

gene products was performed by real-time PCR. Each value calcu-

lated using the standard curve method was corrected by the human

GAPDH and expressed as relative RNA abundance over time zero.

Primer sequences for DUSP1, C/EBPa, and PGR are available on

request.

Co-immunoprecipitation assay

T47D cells as well as shControl and shC/EBPa cells were lysed and

cell extracts (1 mg protein) were incubated overnight with protein

A/G agarose beads previously coupled with 3 lg of the correspond-

ing antibodies or an unspecific control antibody. The immunopre-

cipitated proteins (IPs) were eluted by boiling in SDS-sample buffer.

Inputs and IPs were analyzed by Western blot using PR-, C/EBPa,
Topo2a, and BRG1-specific antibodies.

Cell proliferation

T47D-shControl, T47D-C/EBPa knockdown (shC/EBPa), inducible

C/EBPa (T47DindC/EBPa), and inducible C/EBPa MCF-7

(MCF7indC/EBPa) cell lines were plated in triplicate 24-well plates

at a seeding density of 100,000 cells per well, using medium

described above in the presence or absence of doxycycline when

induction of C/EBPa was required. Cells were counted every 24 h

and allowed to grow for up to 4 days.

Flow cytometry

T47D cells were plated into duplicate wells of six-well plastic

dishes and preincubated as described. After 24 h, 10 nM R5020 or

ethanol was added. Cells were harvested at the start of treatment

(control, zero time) and every 6 or 12 h after hormone addition.

The cell suspension was pelleted, stained with propidium iodide,

and treated with ribonuclease (RNase). Samples were cooled to

4°C, and 10,000 cells were analyzed on a BD FACSCanto analyzer

flow cytometer.

In Fig 2A, T47DindC/EBPa cells untreated or treated with doxy-

cycline were labeled with antibodies CD44-APC, CD24-PE (BD Bios-

ciences, Franklin Lakes, NJ, USA) at a concentration of 10 × 106

cells per ml under optimized conditions, and were subjected to fluo-

rescence-activated cell analysis in a LSRII (Becton and Dickinson,

NJ, USA). For cell sorting, the FACSAria II Sorp (Becton and Dickin-

son, NJ, USA) was used.

Intraductal growth of breast cancer cell lines

T47DindC/EBPa were lentivirally infected to express GFP and Luci-

ferase. 100,000 cells were injected through the test of thoracic and

inguinal gland of 10 adult NSG mice (5 per group), creating a MIND

(Mouse Intra-Ductal) xenograft (Sflomos et al, 2016). Seven days

after injection, CEBPa expression was induced with doxycycline in

the drinking water (2 mg/ml) and maintained throughout the exper-

iment. The number of glands injected was 19 for CEBPa and 17 for

the control. Tumor growth was assessed by bioluminescence (IVIS).

Five mice were used per condition resulting in 19 glands for CEBPa
and 17 glands for the Control.

Animal husbandry

Animals are housed in IVC cages—Green line—from Tecniplast�,

type II long in polysulfone, with bottles in polysulfone as well.

Cages are in over-pressure compared to the pressure in the housing

room. Housing rooms are in over-pressure compared to the pressure

outside of the barrier unit. Bedding: Aspen Tapvei� (little squares

about 4 × 4 × 1 mm). Water: acidified (pH between 2.5 and 3) on

resin column (Prominent� CH system). Diet: ref 3242, irradiated,

from Provimi-Kliba�. Enrichment: nesting material (tissues) and

cardboard tunnel. Housing room temperature: 22°C � 2°C Housing

room humidity: 55% � 10% Light cycle: 12 h light start from 7 am,

12 h dark start from 7 pm.

All mouse experiments were performed in accordance with

protocols approved by the Service de la Consommation et des

Affaires Vétérinaires of Canton de Vaud (VD1865.4).

DNAse I digestion analysis

Chromatin samples obtained as described before from two biological

replicas were subjected to DNAse I digestion. Briefly, 2 lg of chro-

matin was treated with 0.15 and 0.4 units of DNAse I (Roche) for

3 min at 37°C in 1× DNAse incubation buffer. Control samples were

incubated in the absence of DNAse I. Reactions were terminated by

addition of 40 mM EDTA final concentration, and the cross-linking

was reversed by incubating the samples at 65°C. After 6 h, Protei-

nase K (40 lg/ml final concentration) was added to each reaction

and incubated overnight at 37°C. After careful phenol–chloroform

extractions, the DNA was quantified and used as template for real-

time PCR products using specific primers.

Chromatin conformation capture

Chromatin conformation capture (3C) assays were carried out

essentially as follows. A total of 107 cells were cross-linked using

1% (vol/vol) formaldehyde for 10 min at room temperature (RT).

The cross-linking reaction was quenched with 0.125 M glycine at

room temperature for 5 min followed by 15 min on ice, and then,

the cells were washed twice with cold PBS. Cells were lysed in

0.5 ml of cell lysis buffer containing protease inhibitors on ice for

30 min. The nuclei were resuspended in NEBuffer 2 (New England

Biolabs) containing 0.5% SDS and incubated in a thermomixer

10 min at 65°C. Next, 1.8% (vol/vol) Triton X-100 was added to

sequester the SDS and the samples were incubated for an additional

15 min at 37°C. The cross-linked DNA was digested with 400 units

18 of 22 The EMBO Journal 38: e101426 | 2019 ª 2019 The Authors

The EMBO Journal A Silvina Nacht et al



of Mbo I (New England Biolabs) at 37°C overnight. Mbo I was heat

inactivated at 65°C for 20 min. For ligation of DNA ends, T4 DNA

ligase was added and the samples were incubated for 4 h at 16°C.

The ligated material was resuspended in NEBuffer 2 followed by

RNAse treatment. Cross-links were reversed by incubating with

Proteinase K (10 mg/ml) at 65°C overnight. Finally, the DNA was

phenol/chloroform-extracted and concentrated by ethanol precipita-

tion. A total of 20 ng of DNA was analyzed by PCR (primers are

available upon request).

RNA-seq

RNA was extracted from T47D-MTVL cells treated or not for 6 h

with R5020 and submitted to massive sequencing using the Solexa

Genome Analyzer. The protocol followed to analyze the RNA-seq

data can be found in the Appendix Supplementary Methods section.

ChIP-seq

ChIP-DNA was purified and subjected to deep sequencing using the

Solexa Genome Analyzer (Illumina, San Diego, CA). The protocol

followed to analyze the ChIP-seq data can be found in the Appendix

Supplementary Methods section.

ATAC-seq

ATAC experiments were performed as described (Buenrostro et al,

2013).

Extended Bioinformatics methods can be found in the Appendix

Supplementary Methods section.

Hi-C experiments

Hi-C libraries were generated from T47D cells treated or not with

R5020 for 60 min according the previously published Hi-C protocol

with minor adaptations (Lieberman-Aiden et al, 2009). Hi-C

libraries were generated independently in both conditions using

HindIII and NcoI restriction enzymes. Hi-C libraries were controlled

for quality and sequenced on an Illumina Hiseq2000 sequencer. Illu-

mina Hi-seq paired-end reads were processed by aligning to the

reference human genome (GRCh37/hg19) using BWA.

ChIP-exo experiments

ChIP-exo experiments were performed in untreated T47D cells using

the ChIP-exo kit from Active Motif and anti-PR (Santa Cruz, H190).

PGR ChIP-exo-identified peaks were subject to Exo-Profiler analysis

by using transfect matrices of MEME-ChIP suit SpaMo tool (PMID:

21486936) identified motifs of FOXA1 (AC: MA0148.3) and CEBP/a

(AC: MA0102.3). Only regions containing one unique motif of either

FOXA1 and/or CEBPa were considered for the analysis of the

distance to PGR ChIP-exo sites.

Mass spec analysis

T47DindC/EBPa cells were lysed, and cell extracts (2.5 mg) were

incubated overnight with protein A magnetic beads (Invitrogen)

previously coupled with 30 lg of the C/EBPa antibody or an

unspecific control antibody. The immunoprecipitated proteins were

digested with trypsin and LysC, and each tryptic digest sample was

subjected to LC-MS/MS analysis using a 1-h gradient in the LTQ-

Orbitrap Velos Pro with a CID method. As a quality control, BSA

controls were run between each of your samples to avoid carryover

and assess the instrument performance. The samples were searched

against SwissProt Human database, using the search algorithm

Mascot v2.5.1 (http://www.matrixscience.com/). Peptides have

been filtered based on FDR, and only peptides showing an FDR

lower than 5% have been retained.

Statistical analysis

Cell proliferation, ChIPs, DNAse accessibility, Chromatin conforma-

tion capture (3C), gene activity, and FACS assays were performed at

least three times in duplicates. The values are given as mean � SD,

and P-values were obtained by Student’s t-test and were calculated

relative to control conditions. For the experiments in Figs 1D and E,

and 2A, the P-values were obtained by ANOVA followed by Tukey

test.

Data availability

The raw sequencing data from this study (ChIP-seq and RNA-seq)

were submitted to the NCBI Gene Expression Omnibus (GEO;

http://www.ncbi.nlm.nih.gov/geo/) with the following accession

number: GSE132649.

Expanded View for this article is available online.
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