
Citation: Kim, U.; Kim, S.; Kim, N.;

Shin, H.Y. Mammary-Enriched

Transcription Factors Synergize to

Activate the Wap Super-Enhancer for

Mammary Gland Development. Int.

J. Mol. Sci. 2022, 23, 11680. https://

doi.org/10.3390/ijms231911680

Academic Editor: Irmgard Tegeder

Received: 18 August 2022

Accepted: 29 September 2022

Published: 2 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Mammary-Enriched Transcription Factors Synergize to Activate
the Wap Super-Enhancer for Mammary Gland Development
Uijin Kim, Suyeon Kim, Nahyun Kim and Ha Youn Shin *

Department of Biomedical Science and Engineering, Konkuk University, Seoul 05029, Korea
* Correspondence: hayounshin@konkuk.ac.kr; Tel.: +82-2-450-0582

Abstract: Super-enhancers are large clusters of enhancers critical for cell-type-specific development.
In a previous study, 440 mammary-specific super-enhancers, highly enriched for an active enhancer
mark H3K27ac; a mediator MED1; and the mammary-enriched transcription factors ELF5, NFIB,
STAT5A, and GR, were identified in the genome of the mammary epithelium of lactating mice.
However, the triggering mechanism for mammary-specific super-enhancers and the molecular
interactions between key transcription factors have not been clearly elucidated. In this study, we
investigated in vivo protein–protein interactions between major transcription factors that activate
mammary-specific super-enhancers. In mammary epithelial cells, ELF5 strongly interacted with
NFIB while weakly interacting with STAT5A, and it showed modest interactions with MED1 and GR,
a pattern unlike that in non-mammary cells. We further investigated the role of key transcription
factors in the initial activation of the mammary-specific Wap super-enhancer, using CRISPR-Cas9
genome editing to introduce single or combined mutations at transcription factor binding sites in
the pioneer enhancer of the Wap super-enhancer in mice. ELF5 and STAT5A played key roles in
igniting Wap super-enhancer activity, but an intact transcription factor complex was required for the
full function of the super-enhancer. Our study demonstrates that mammary-enriched transcription
factors within a protein complex interact with different intensities and synergize to activate the Wap
super-enhancer. These findings provide an important framework for understanding the regulation of
cell-type-specific development.
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1. Introduction

Mammary gland tissue undergoes a cycle of development and involution processes
that occur in sequential stages, starting with the establishment of the ductal tree during
puberty and proceeding through the formation of alveoli during pregnancy, lactation, and
tissue remodeling upon weaning [1,2]. Mammary gland epithelium, which plays a key role
in temporal regulatory dynamics during development, is composed of basal myoepithelial
cells and milk-secreting luminal alveolar cells. The lactating alveolar epithelium is formed
during pregnancy and becomes remodeled when lactation is stopped. Differentiation
of the luminal lineage is primarily regulated by the cytokine prolactin (PRL), which is
secreted during pregnancy and lactation [3,4] and leads to the activation of a number of
mammary-specific genes [5]. A previous study reported that mammary-specific genes are
regulated by 440 super-enhancers that are activated in the lactating mammary gland [6].
A super-enhancer is a cluster of enhancers spanning a long region of genomic loci that
is associated with genes involved in cell identity [7–9]. Mutations in super-enhancers
are also closely associated with a variety of diseases, including cancer, diabetes, and
autoimmune diseases [7,10–14]. Integrated chromosome immunoprecipitation sequencing
(ChIP-seq) analyses have demonstrated that mammary-specific super-enhancers are co-
occupied by histone H3 acetylation at lysine 27 (H3K27ac), a histone mark characteristic
of transcriptionally active enhancers, as well as several mammary-enriched transcription
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factors and mediator complex subunit 1 (MED1) [6]. Mammary-enriched transcription
factors include signal transducer and activator of transcription 5A (STAT5A), glucocorticoid
receptor (GR), nuclear factor 1 B-type (NFIB), and E74-like factor 5 (ELF5), which play
essential roles in mammary alveolar differentiation [15–18].

Among genes associated with mammary-specific super-enhancers, the expression of
Whey acidic protein (Wap), a major milk protein gene in mice, is increased over 10,000-fold
during lactation [6,15]. The Wap super-enhancer is composed of three individual enhancers,
E1, E2, and E3 [6]. All three constituent enhancers are co-occupied by the mammary-
enriched transcription factors STAT5A, GR, NFIB, and ELF5, as well as MED1, and are
distinguished by H3K27ac marks. However, the molecular interactions among these
transcription factors are largely unknown. The proximal E1 enhancer plays a pioneer
function, serving to activate distal E2 and E3 enhancers [6]. A previous study demonstrated
that combined mutations of STAT5, NFIB, and ELF5 binding sites in the E1 enhancer in
mice eliminated the capacity to activate the super-enhancer and completely silenced the
Wap gene. Although a single mutation in the STAT5 binding site or a combined mutation in
STAT5 and NFIB binding sites was not sufficient to disrupt Wap super-enhancer function,
it remained unclear whether binding of ELF5 alone or binding of all three transcription
factors is essential for full super-enhancer function.

Here, we investigated protein–protein interactions among ELF5, NFIB, GR, STAT5A,
and MED1 within mammary epithelial cells using an in vivo bimolecular fluorescence
complementation (BiFC) assay, a method commonly used to establish and quantify in vivo
interactions of fluorescent reporter-tagged proteins [19–21]. We further verified interactions
of these proteins in the lactating mammary epithelium in mice using in situ proximity
ligation assays (PLAs). PLAs, which integrate co-immunoprecipitation and co-localization
techniques without requiring cell or tissue modification, enable protein interactions of
two different proteins to be determined in situ [22–24]. Moreover, to understand the ini-
tial mechanism of super-enhancer activation, we used the CRISPR-Cas9 genome editing
technique to establish mutant mice carrying a single deletion mutation at the ELF5 bind-
ing site; double mutations at ELF5 and STAT5 binding sites; or triple mutations at ELF5,
STAT5, and NFIB binding sites in the E1 enhancer of the Wap super-enhancer. Our results
clearly demonstrated that molecular interactions among mammary-enriched transcrip-
tion factors are different in mammary epithelial cells compared with non-mammary cells
and that formation of these transcription factor complexes is essential for activating the
mammary-specific Wap super-enhancer. These findings provide a basis for understanding
the mechanisms underlying mammary-specific super-enhancer establishment and offer
insights that should aid in the design of strategies for cell-type-specific regeneration and
treatment of diseases caused by aberrant forms of super-enhancers.

2. Results
2.1. Cellular Localization of Mammary-Enriched Transcription Factors Constituting the Wap
Super-Enhancer in Mammary Epithelial Cells

Previous ChIP-seq analyses have revealed that a super-enhancer associated with the
Wap gene consists of three constituent enhancers: the proximal E1 enhancer (−0.7 kb from
the transcription start site (TSS)), the distal E2 enhancer (−1.4 kb from the TSS), and the E3
enhancer (−5.6 kb from the TSS) (Figure 1a) [6]. Like other super-enhancers, the Wap super-
enhancer is sequestered by the insulator CTCF, and the promoter of the Wap gene is highly
enriched with H3K4me3 histone marks [25,26]. Each constituent enhancer is co-occupied
by transcription factors essential for mammary gland development (STAT5, GR, NFIB,
and ELF5), the mediator MED1, and transcription-activating H3K27ac enhancer marks.
To investigate whether co-occupancy of each transcription factor within the Wap super-
enhancer reflects independent chromatin binding of individual factors or is attributable to
interactions with other transcription factors, we first determined the cellular localization of
each transcription factor in mammary epithelial cells. To this end, murine full-length ELF5,
NFIB, GR, STAT5A, and MED1 were tagged with green fluorescent protein (GFP) and their
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cellular localizations in both mammary epithelial HC11 cells and non-mammary NIH3T3
cells were visualized by fluorescence microscopy (Figure 1b, Supplementary Figure S1).
ELF5 and NFIB were exclusively localized to the nucleus, whereas MED1 was localized
to both the nucleus and cytoplasm. GR was mostly limited to the cytoplasm but gained
entrance to the nucleus after stimulation with hydrocortisone (HC). STAT5A was localized
to both the nucleus and cytoplasm but translocated to the nucleus following stimulation
with prolactin (PRL). These data indicate that the transcription factors constituting the
Wap super-enhancer can independently enter the nucleus in both mammary epithelial and
non-mammary cells.
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Figure 1. Characterization of mammary-enriched transcription factors constituting the Wap super-
enhancer. (a) Genomic features of the super-enhancer in the Wap locus. ChIP-seq profiles of the
transcriptional insulator, CTCF; the mammary-enriched transcription factors, STAT5A, GR, NFIB,
and ELF5; the mediator, MED1; and the active histone marks, H3K27ac and H3K4me3. (b) Cellular
localization of GFP-linked ELF5, NFIB, MED1, GR, and STAT5A in HC11 mammary epithelial cells.
Representative fluorescence images from three independent experiments are shown (800×). After
serum starvation, cells were left untreated or were treated with hydrocortisone (HC) or prolactin
(PRL) to activate GR or STAT5A, respectively. Scale bars, 10 µM.

2.2. Protein Interactions between Mammary-Enriched Transcription Factors in Mammary
Epithelial Cells Differ from Those in Non-Mammary Cells

A previous study using mutant mice revealed that ELF5 plays an important role
in activating the Wap super-enhancer [6]. Mutating a single STAT5 binding site or both
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STAT5 and NFIB binding sites in the E1 enhancer was not sufficient to disrupt Wap super-
enhancer activity, but mutating all three STAT5, NFIB, and ELF5 binding sites completely
disabled super-enhancer function. To determine whether ELF5 can interact with the four
other transcription factors—STAT5A, NFIB, GR, and MED1—constituting the Wap super-
enhancer, we investigated in vivo protein–protein interactions in mammary epithelial cells
using the BiFC assay, which is designed to assess interactions between two fluorescence-
tagged proteins in vivo [19–21]. Briefly, when the target protein linked to the N-terminal
domain of a fluorescent protein and the counterpart molecule linked to the C-terminal
domain of the same fluorescent protein come sufficiently close to each other to molecularly
interact, the N- and C-terminal domains of distinct fluorescent proteins bind to each other
to form a complex, subsequently emitting intracellular fluorescence. To apply this strategy,
we linked the N-terminal domain of the Venus fluorescent tag (VN) to ELF5 and the
C-terminal domain of the Venus fluorescent tag (VC) to STAT5A, GR, NFIB, or MED1
(Figure 2a). Prior to BiFC assays, we confirmed that each fusion protein was properly
expressed in cells (Figure 2b). We next investigated protein–protein interactions between
ELF5 and the other four transcription factors, STAT5A, GR, NFIB, and MED1, in mammary
epithelial HC11 cells and non-mammary NIH3T3 cells. Since GR and MED1 are known
to interact with each other [27], we used the GR-VN and MED1-VC pair as a positive
control for the BiFC assay. As expected, the positive control (GR-VN and MED1-VC
pair) emitted strong Venus fluorescence in both HC11 and NIH3T3 cells, whereas the
negative control (JUN-VN and ELF5-VC pair) did not emit a fluorescence signal in either
cell type (Supplementary Figure S2). Although ELF5 paired with each of the four other
transcription factors induced fluorescence in both HC11 and NIH3T3 cells (Figure 2c,d),
the patterns of molecular interactions in mammary epithelial cells and non-mammary cells
were completely different (Figure 2e,f). In HC11 cells, the percentage of BiFC-positive
cells for protein pairs followed the rank order ELF5–NFIB, ELF5–MED1, ELF5–GR, and
ELF5–STAT5A (Figure 2e), indicating that ELF5 can interact with all four transcription
factors, but with slightly different affinities. Non-mammary NIH3T3 cells showed different
BiFC patterns compared with mammary epithelial cells, with ELF5 exhibiting the strongest
interaction with MED1 and the weakest interaction with GR (Figure 2f). Collectively,
these data suggest that the pattern of molecular interactions within a mammary-enriched
transcription factor complex differs between mammary epithelial cells and non-mammary
cells, a difference that may form the basis of the unique features of mammary-specific
super-enhancers.

To further confirm the molecular interactions of ELF5 with NFIB, MED1, GR, and
STAT5A, we performed in situ PLAs in the mammary epithelium of lactating mice. PLAs,
which integrate immunoassay and fluorescence microscopy techniques, are useful for
investigating protein–protein interactions in unmodified cells or tissue [22–24]. In appli-
cation, the target protein and its counterpart in tissues are immunoprecipitated with the
corresponding primary antibodies and PLA probe-linked secondary antibodies. If two
proteins come sufficiently close to molecularly interact, a specific DNA strand attached to
the PLA probe is capable of initiating rolling circle DNA synthesis. The DNA circle is subse-
quently amplified several hundred fold and binds to a fluorescently labeled complementary
oligonucleotide probe, achieving a high concentration of fluorescence that can be visualized
by fluorescence microscopy. Before conducting PLA assays, we used quantitative reverse
transcription polymerase chain reaction (RT-qPCR) to confirm the endogenous expression
of Elf5, Stat5a, Gr, Nfib, and Med1 in mouse mammary epithelium obtained on day 1 of
lactation (L1) (Figure 3a). Immunofluorescence assays also revealed the expression of
ELF5, STAT5A, GR, NFIB, and MED1 proteins in lactating mouse mammary epithelium
(Figure 3b). Consistent with BiFC results, ELF5 showed stronger interactions with NFIB
than with phosphorylated STAT5A (pSTAT5A) in mouse epithelium (Figure 3c). The GR
and MED1 positive control pair exhibited strong PLA signals, whereas untreated cells
showed no fluorescence signal. The relative percentage of PLA signals per cell was higher
for the ELF5 and NFIB pair than for the ELF5 and pSTAT5A pair (Figure 3d). Taken together,
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in vivo BiFC assays and in situ PLAs demonstrated that ELF5 can form a protein complex
with NFIB, GR, MED1, and pSTAT5A, but with different affinities. ELF5 interacts more
closely with NFIB than with STAT5A in mammary epithelium, whereas ELF5 is more
closely associated with MED1 in non-mammary cells.
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Figure 2. Comparison of in vivo molecular interactions between mammary-enriched transcription
factors in mammary epithelial cells and non-mammary cells. (a) Schematic illustration of plasmid
constructs and the principle of the BiFC assay used to detect protein–protein interactions. ELF5
was tagged with the N-terminal domain of the Venus protein (VN), and STAT5A, GR, NFIB, and
MED1 were tagged with the C-terminal domain of the Venus protein (VC). Once VN- and VC-tagged
proteins are close enough to interact, the Venus protein becomes reconstituted and emits fluorescence
from cells. (b) Protein expression of Venus-tagged ELF5, STAT5A, NFIB, GR, and MED1, detected
by Western blot analysis. (c,d) Fluorescence images obtained from a BiFC assay in (c) mammary
epithelial HC11 cells (800×) and (d) mouse fibroblast NIH3T3 cells (600×). BiFC signals are shown in
green, and DAPI-stained cell nuclei are shown in blue. The GR-VN and MED1-VC pair was used
as a positive control. Representative images from five independent experiments are shown. Scale
bars, 10 µM. (e,f) Relative percentages of BiFC-positive (e) HC11 cells and (f) NIH3T3 cells. The
number of BiFC-positive cells was normalized to that of DAPI-stained cells in three different fields
per slide from five independent experiments (* p < 0.05; ** p < 0.01; *** p < 0.001). A circle, a positive
control; a triangle, ELF5-NFIB; an inverted triangle, ELF5-MED1; a square, ELF5-GR; a diamond,
ELF5-STAT5A.
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Figure 3. In situ protein–protein interactions of mammary-enriched transcription factors detected
by PLA in lactating mouse mammary epithelium. (a) Endogenous expression levels of Elf5, Stat5a,
Gr, Nfib, Med1, and Gapdh genes in mouse mammary tissue obtained at L1. mRNA levels of each
gene were measured by RT-qPCR. (b) Immunofluorescence of ELF5, STAT5A, GR, NFIB, and MED1
proteins in mouse mammary tissue obtained at L1 (400×). Each transcription factor is stained in
red, and the epithelial marker E-cadherin is stained in green. pSTAT5A was detected using an anti-
phospho-STAT5 antibody. Representative images from three independent experiments are shown.
Scale bars, 20 µM. (c) PLA signals in mouse mammary tissue at L1 visualized at low magnification
(400×; scale bar, 20 µM) and high magnification (800×; scale bar, 10 µM). PLA signals are shown in
orange, and DAPI-stained cell nuclei are shown in blue. The GR and MED1 pair was used as a positive
control. Representative images from three independent replicates are shown. (d) Relative percentage
of PLA signals per cell. The number of PLA puncta in DAPI-stained nuclei was counted from five
different fields in each slide from three different donor mice (* p < 0.05). NTC, non-treated control. A
circle, GR-MED1; a triangle, ELF5-NFIB; an inverted triangle, ELF5-pSTAT5A; a square, NTC.

2.3. Mammary-Enriched Transcription Factors Synergize to Activate the Wap Super-Enhancer for
Mammary Gland Differentiation

A previous study using CRISPR-Cas9-targeted mice revealed that mutations of STAT5,
NFIB, and ELF5 binding sites in the E1 enhancer decommission the Wap super-enhancer [6].
However, whether all three transcription factors are required for the establishment of a
super-enhancer complex or whether ELF5 plays a pioneering role in initiating the activation
of a super-enhancer has not been clearly elucidated. To address this issue, we established
CRISPR-Cas9-targeted mice carrying the following deletion mutations in the E1 enhancer
of the Wap super-enhancer: deletion of a single ELF5 binding site (∆E1A); combined
deletion of ELF5 and STAT5 binding sites (∆E1B); combined deletion of STAT5 and NFIB
binding sites (∆E1C); and combined deletion of ELF5, STAT5, and NFIB binding sites
(∆E1D) (Figure 4a and Supplementary Figure S3). We first assessed Wap gene expression
levels in these E1 mutant mice (Figure 4b). Consistent with previous results [6], deletion
of all three ELF5, NFIB, and STAT5 binding sites (∆E1D) completely silenced Wap gene
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expression in mice. Although expression levels of the Wap gene in mice with a single ELF5
binding site deletion (∆E1A) were comparable to those in wild-type mice, deletion of ELF5
and STAT5 binding sites (∆E1B) reduced Wap gene expression levels by 99.9% compared
with wild-type controls, and deletion of STAT5 and NFIB binding sites (∆E1C) decreased
Wap gene expression levels by 88% compared with wild-type mice. Immunofluorescence
analysis also confirmed that WAP proteins were rarely expressed in mammary alveolar
cells of ∆E1B and ∆E1D mice at L1 (Figure 4c). WAP proteins were abundantly expressed in
lactating mammary alveoli in ∆E1A mice and modestly expressed in ∆E1C mice. Expression
levels of Csn2, a gene encoding another milk protein, were not affected by mutations at
E1 enhancers in mice (Supplementary Figure S4). Collectively, our findings indicate that
mutation of a single transcription factor binding site at E1 is not sufficient to disable the
Wap super-enhancer function. Instead, the bindings of all three transcription factors—ELF5,
STAT5, and NFIB—at the E1 enhancer synergize to constitute the full function of the Wap
super-enhancer.
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targeted mice. (b) Relative expression levels of the Wap gene in E1-mutant mice at L1. Wap mRNA
levels were measured by RT-qPCR and normalized to Gapdh levels. Data are presented as means ± SD
of different donor mice for each mouse line (* p < 0.05; *** p < 0.001; **** p < 0.0001). WT, n = 10;
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in L1 mammary tissues of mutant mice. WAP is shown in green, and DAPI-stained cell nuclei are
shown in blue. Representative images from three different donor mice for each mouse line are shown.
Magnification, 400×; scale bar, 20 µM.

2.4. Protein–Protein Interactions within a Mammary-Enriched Transcription Factor Complex Are
Essential for Activation of Mammary-Specific Wap Super-Enhancers

We further investigated whether the limited Wap gene expression in ∆E1B and ∆E1D
mice was attributable to the inactivation of all three constituent Wap super-enhancers, E1,
E2, and E3. To this end, we performed ChIP assays to detect modifications in H3K27ac, a
histone mark typically enriched at active enhancer regions. Consistent with observed Wap
gene expression levels, H3K27ac levels at the E1 enhancer of ∆E1A mice were comparable
to those of wild-type controls and were reduced by ~40% in ∆E1C mice (Figure 5a). On the
other hand, H3K27ac levels at the E1 enhancer were reduced by ~70% in ∆E1B mice and
by ~90% in ∆E1D mice. H3K27ac signals on E2 and E3 enhancers revealed that E2 and E3
were modestly activated in ∆E1A mice, whereas a dysfunctional E1 enhancer suppressed
the activation of distal E2 and E3 enhancers in ∆E1B, ∆E1C, and ∆E1D mice.
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Figure 5. Chromatin features of E1, E2, and E3 constituent enhancers within the mammary-specific
Wap super-enhancer. (a) ChIP analyses of the active enhancer mark, H3K27ac, in E1-mutant mice.
Relative ChIP signals are shown. WT, n = 5; ∆E1A, n = 4; ∆E1B, n = 5; ∆E1C, n = 3; ∆E1D, n = 3.
ChIPed DNA levels were normalized to corresponding input DNA levels. (b–d) Molecular interac-
tions between mammary-enriched transcription factors in HC11 cells, detected by BiFC analyses.
BiFC signals are shown in green, and cell nuclei are shown in blue. Magnification, 800×; scale
bar, 10 µM. Representative images from five independent experiments are shown. (e–g) Relative
percentages of BiFC-positive cells. The number of BiFC-positive cells was normalized to that of
DAPI-stained cells in three different fields per slide from five independent experiments (* p < 0.05;
** p < 0.01).
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In addition to investigating the molecular interactions between ELF5 and the tran-
scription factors NFIB, GR, MED1, and pSTAT5A, we also evaluated protein interactions
between each transcription factor pair to further estimate the molecular proximity within
the protein complex recruited to the Wap super-enhancer (Figure 5b–d). NFIB interacted
with ELF5, pSTAT5A, and MED1 to a similar degree and showed slightly weaker inter-
actions with GR (Figure 5e); MED1 showed the strongest binding to GR and the weakest
interaction with pSTAT5A (Figure 5f); and GR bound most strongly to MED1 and least
strongly to NFIB and ELF5 (Figure 5g). These data indicate that all five transcription factors
(ELF5, NFIB, GR, MED1, and pSTAT5A) can interact with each other, but their differential
binding intensities suggest differences in molecular proximity within the protein complex.
BiFC results shown in Figures 3 and 5 suggest that MED1 mediates protein interactions
between the ELF5–NFIB complex and the GR–pSTAT5A complex.

3. Discussion

Super-enhancers were first discovered in embryonic stem cells about a decade ago [7,8].
Since then, super-enhancers have been identified in a variety of cell types, including mam-
mary epithelial cells, immune cells, chondrocytes, and hair follicle cells [6,13,28,29]. Accu-
mulating evidence also shows that abnormal forms of super-enhancers are causally linked
to various diseases [7,11–13]. However, the detailed molecular interactions within a tran-
scription factor complex recruited on super-enhancers have not been elucidated. Although
several super-enhancer studies have identified the pioneering factor that establishes super-
enhancers in specific cell types [29], the initial activation mechanism of mammary-specific
super-enhancers has not been investigated. Here, we used both in vivo BiFC assays and in
situ PLAs to unravel the protein interactions between mammary-enriched transcription
factors that constitute mammary-specific super-enhancers. Our results clearly revealed
that the pattern of molecular interactions of these transcription factors differs between
mammary epithelial cells and non-mammary cells, underscoring the unique characteristics
of cell-type-specific super-enhancers. We further created several CRISPR-Cas9-targeted
mice for use in identifying key transcription factors essential for the initial activation of
mammary-specific Wap super-enhancers. By disrupting binding sites for key transcription
factors at the E1 pioneering enhancer, we demonstrated that the mammary-specific Wap
super-enhancer is activated by synergy among key transcription factors co-localized at
the pioneering enhancer rather than by a single molecule (Supplementary Figure S5). The
present study also revealed that disruption of all three binding motifs, ELF5, NFIB, and
STAT5, in the E1 enhancer markedly reduced the acetylation of H3K27 in the distal E2 and
E3 enhancers, whereas deletion of the ELF5 and STAT5 binding motifs from the E1 enhancer
preferentially inhibited the activity of the E2 enhancer. Deletion of STAT5 and NFIB from
the E1 enhancer modestly reduced activation of the E2 and E3 enhancers, whereas deletion
of a single STAT5 motif had minimal effect on these distal enhancers. Additional studies are
required to determine whether these differential effects are caused by chromatin looping
between the proximal E1 enhancer and the distal E2 and E3 enhancers.

Several studies have shown that super-enhancers are typically bound by lineage-
specific transcription factors, and a single pioneering factor is essential for their activa-
tion [8,29]. Oct-4 and Sox9 play a pioneering role in the activation of super-enhancers in
embryonic stem cells and hair follicle cells, respectively. Unlike these super-enhancers, the
mammary-specific Wap super-enhancer appears to be activated by cooperation among the
key transcription factors ELF5, STAT5, NFIB, GR, and MED1, which are essential for mam-
mary gland development. Therefore, the cell-type-specific molecular interactions between
major transcription factors might be critical for the unique properties of mammary-specific
super-enhancers. Our results also suggest that ELF5 and STAT5 play a critical role in the
pioneering E1 enhancer of the mammary-specific Wap super-enhancer. Although we could
estimate the molecular proximity between transcription factors that constitute mammary-
specific super-enhancers using in vivo BiFC assays and in situ PLAs, these techniques may
not be sufficient to investigate the molecular interplay within a native protein complex
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bound to a super-enhancer. A future study using ChIP-mass spectrophotometry may be
necessary to accurately determine the molecular interactions in intact super-enhancer com-
plexes [30]. Recent studies have also reported evidence for the formation of phase-separated
condensates—microscopically detectable transcriptional regulatory complexes [31,32]—in
super-enhancer regions. An intriguing question is whether such phase-separated conden-
sates can also be found in mammary epithelial cells. Because mammary gland epithelium
undergoes repeated alveolar formation and degeneration, it will be an ideal model for
understanding super-enhancer assembly and disassembly processes, which would explain
the reversible feature of super-enhancers. Moreover, these findings and experimental
approaches may be useful for studying the molecular mechanisms of super-enhancer ac-
tivity in different breast cancer subtypes. ChIP-seq analyses found that super-enhancers
in estrogen receptor (ER)-positive breast cancer cells co-localize with ELF5, FOXA1, and
ER [33]. In contrast, super-enhancers found in triple-negative breast cancer (ER−, PR−,
HER2−) co-localized with the transcription factors FOXC1, MET, MYC, and ANLN [34,35].
It will be interesting to determine whether mammary-enriched ELF5, STAT5, NFIB, and GR
are also recruited in these super-enhancers and whether differential molecular recruitment
to super-enhancers determines the different breast cancer subtypes. Our findings offer
basic insight into the regulatory mechanisms underlying mammary-specific developmental
processes and further suggest how this knowledge might be applied to cell-type-specific
regeneration and treatment of abnormal super-enhancer-driven diseases.

4. Materials and Methods
4.1. ChIP-Seq Data

All ChIP-seq data were obtained from datasets deposited in the Gene Expression Om-
nibus (GEO) under accession number GSE74826 [6] and were visualized with an Integrated
Genomics Viewer (IGV version 2.8.9., Broad Institute and the Reagents of the University of
California, CA, USA).

4.2. Plasmids Construction

GFP-tagged constructs were generated by individually cloning murine full-length
ELF5, STAT5A, NFIB, GR, and MED1 cDNAs into AcGFP-C1 (#54607; Addgene, Water-
town, MA, USA). The Venus N-terminal domain (VN)-tagged construct was created by
PCR-amplifying ELF5 from ELF5-GFP and cloning it into pBiFC-VN155 (I152L) (#27097;
Addgene). Venus C-terminal domain (VC)-tagged constructs were generated by PCR-
amplifying STAT5A, NFIB, GR, and MED1 from the corresponding GFP-tagged constructs
and cloning them individually into pBiFC-VC155 (#22011; Addgene).

4.3. Cell Culture

The mouse mammary epithelial HC11 cell line was purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA), and the mouse embryonic fibroblast
NIH3T3 cell line was kindly provided by Dr. Young Bong Kim (Konkuk University, Seoul,
Korea). HC11 cells were maintained in Roswell Park Memorial Institute 1640 medium
(RPMI 1640; Capricorn Scientific, Ebsdorfergrund, Germany) supplemented with 10%
fetal bovine serum (FBS; Merck, Kenilworth, NJ, USA) and 1% penicillin/streptomycin
(Capricorn Scientific). NIH3T3 cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Capricorn Scientific) supplemented with 10% FBS and 1% penicillin/streptomycin.
Both cell lines were grown in a humidified incubator at 37 ◦C under 5% CO2 conditions.

4.4. Western Blot Analysis

Cells were lysed with cold RIPA buffer (150 mM NaCl, 50 mM Tris pH 7.5, 0.1% SDS,
1% Triton X-100, 0.5% deoxycholate, protease inhibitor cocktail (Roche, Basel, Switzerland),
1 mM orthovanadate, 10 mM NaF, 100 mM PMSF) with gentle sonication. After protein
concentration in cleared lysates (supernatants) was measured, proteins were denatured
in sodium dodecyl sulfate (SDS) sample buffer and separated by SDS-PAGE on 10% gels.
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For Western blot analysis, proteins were transferred to a nitrocellulose membrane and
then incubated first with an anti-GFP primary antibody (#ab6556; Abcam, Cambridge,
UK) and then with a horseradish peroxidase (HRP)-conjugated anti-mouse IgG (#A10551;
Invitrogen, Waltham, MA, USA) or HRP-conjugated anti-rabbit IgG (#G21234; Invitrogen)
secondary antibody as appropriate. Immunoreactive proteins were detected using an
enhanced chemiluminescence system.

4.5. Bimolecular Fluorescence Complementation (BiFC) Assay

Cells were plated on glass coverslips in 12-well plates containing growth medium
1 day before transfection. When cells reached ~70% confluence, they were transfected
with BiFC constructs using the Lipofectamine 3000 reagent (Invitrogen) according to the
manufacturer’s instructions. After 24 h of serum starvation, cells were treated with prolactin
(PRL) or hydrocortisone (HC) for 1 h to activate STAT5 or GR, respectively. Cells were
washed with phosphate-buffered saline (PBS) and fixed with ice-cold 4% paraformaldehyde
in PBS for 15 min. Fixed cells were mounted on glass slides with ProLong Gold Antifade
Mountant containing DAPI (Invitrogen). GFP- and Venus-tagged proteins were visualized
with a Zeiss LSM 800 confocal microscope using a 40× oil-immersion objective (Zeiss,
Oberkochen, Germany). GFP and Venus were excited at 509 nm using an argon laser, and
emission was collected using a 400–650 nm filter. DAPI was excited at 465 nm using an
argon laser, and emission was collected using a 400–495 nm filter. Images were captured
using the ZEN image browser (ZEN blue version 2.6; Zeiss).

4.6. Mice

Eight-week-old female C57BL/6 mice were purchased from Orient Bio (Seongnam,
Korea) and used as wild-type controls. Founder CRISPR-Cas9-targeted mice were gener-
ated by Toolgen (Seoul, Korea). Single-guide RNAs (sgRNAs) were designed to specifically
target the ELF5 motif or the region spanning the GAS to ELF5 motif at E1 of the Wap super-
enhancer (Supplementary Table S1). All mice were maintained under specific-pathogen-free
conditions with a 12 h light/dark cycle at 20–25 ◦C (room temperature) and 30–70% relative
humidity. All animal procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of Konkuk University (Seoul, Korea).

4.7. Generation of Homozygous Mice and Genotyping

Founder (F0) CRISPR-Cas9-targeted mice were bred with C57BL/6 wild-type mice to
segregate the mosaicism, resulting in the generation of F1 heterozygous mice. F2 homozy-
gous mice were generated by interbreeding F1 mice. All mice were genotyped by PCR
amplification of genomic DNA isolated from mouse tail snips, followed by Sanger sequenc-
ing. Details of the PCR primers and sequencing primers are presented in Supplementary
Table S2. The four lines carrying deletions in transcription factor binding sites at E1 (0.7 kb
upstream of the Wap TSS) were named ∆E1A (9-bp deletion), ∆E1B (49-bp deletion), ∆E1C
(26-bp deletion), and ∆E1D (97-bp deletion). The specific sequences deleted in each mouse
are provided in Supplementary Figure S3.

4.8. Histological Analysis

Mammary tissues were harvested on day 1 of lactation (L1), fixed in 10% formalin,
dehydrated using an ethanol series and xylene, and embedded in paraffin according to
standard protocols. Paraffin blocks were sectioned at 4 µm thickness. For immunohisto-
chemistry, antigen unmasking was performed in a TintoRetriever Heat Retrieval System
(Bio SB Inc., Goleta, CA, USA) using 10 mM sodium citrate buffer (pH 6.0) for 10 min. Sec-
tions were blocked by incubating with 3% normal goat serum at room temperature for 1 h.
Tissues were incubated overnight at 4 ◦C with the following primary antibodies (diluted
1:100): anti-STAT5A (#LS-C386212-100; LSBio, Seattle, CA, USA); anti-ELF5 (#70R-49702;
Fitzgerald, Kampenhout, Belgium); anti-NFIB (#39091; Active Motif, Carlsbad, CA, USA);
anti-GR (#PA1-511A; Invitrogen); anti-MED1 (#A300-793A; Bethyl Laboratories, Waltham,
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MA, USA); and anti-E-cadherin (#610181; BD Biosciences, Franklin Lakes, NJ, USA). After
washing, tissues were incubated with Alexa Fluor 488-conjugated anti-mouse IgG (#R37120;
Invitrogen) or Alexa Fluor 594-conjugated anti-rabbit IgG (#R37117; Invitrogen) for 1 h
at room temperature. Slides were then mounted with ProLong Gold Antifade Mountant
with DAPI (Invitrogen), imaged under a Zeiss LSM 800 confocal microscope, and analyzed
using the ZEN image browser.

4.9. In Situ Proximity Ligation Assay (PLA)

PLA was performed with the Duolink detection kit (#DUO92103; Merck, Darmstadt,
Germany). The procedure from tissue harvesting to antigen retrieval was the same as that
for conventional immunochemistry, described above. Following antigen retrieval, slides
were blocked by incubating at 37 ◦C for 30 min and then were incubated with primary
antibody overnight at 4 ◦C. The primary antibodies used in PLA were the same as those
used for histology. After washing, tissues were incubated with Plus and Minus Duolink
probes, ligated, and subjected to rolling circle amplification according to the manufacturer’s
protocol. Samples were mounted using ProLong Gold Antifade Mountant with DAPI
(Invitrogen). PLA signals were visualized with a Zeiss LSM 800 confocal microscope and
analyzed using the ZEN image browser. PLA signals were detected using the Cy3 filter
(excitation, 561 nm; emission, 535–700 nm), and nuclei were visualized with the DAPI filter
(excitation, 465; emission, 400–600 nm). PLA signals were counted in cell nuclei in five
different fields per slide from three independent replicates.

4.10. Quantitative (RT-qPCR) and Conventional RT-PCR

RNA was extracted using the PureLink RNA Mini Kit (Invitrogen) according to the
manufacturer’s instructions. cDNA was synthesized from total RNA by reverse transcrip-
tion using SuperScript III Reverse Transcriptase (Invitrogen). qPCR was then performed on
a LightCycler 96 Instrument (#05815916001; Roche, Basel, Switzerland) using the SsoAd-
vanced Universal SYBR Green Supermix (BioRad, Hercules, CA, USA) and gene-specific
primers. Sequences of primers used for RT-qPCR are listed in Supplementary Table S3. Wap
and Csn2 mRNA levels were normalized to Gapdh levels. Conventional RT-PCR was carried
out using specific primers for Elf5, Stat5a, Gr, Nfib, Med1, or Gapdh (internal control). Se-
quences of primers used for conventional RT-PCR are provided in Supplementary Table S4.

4.11. Chromatin Immunoprecipitation (ChIP) Analysis

Frozen, stored mammary tissues harvested at L1 were ground into a powder using a
mortar and pestle. Chromatin was fixed by incubation with 1% formaldehyde for 10 min at
room temperature; fixation was stopped by adding glycine (final concentration, 125 mM).
Nuclei were extracted with Farnham Lysis Buffer (5 mM PIPES pH 8.0, 85 mM KCl,
0.5% NP-40) supplemented with PMSF and proteinase inhibitor cocktail. Chromatin was
fragmented to 200–400 bp using a VCX-130 Vibra-Cell sonicator (60 cycles; 30-s pulse/30-s
rest; Sonics, Newtown, CT, USA) followed by lysis with RIPA buffer. Chromatin (1 mg)
was immunoprecipitated with Dynabeads Protein A (Invitrogen) coated with anti-H3K27ac
antibody (#ab4729; Abcam, Cambridge, UK). Beads were serially washed with low-salt
buffer (150 mM NaCl, 20 mM Tris–HCl pH 8.0, 0.1% SDS, 1% Triton X-100, 2 mM EDTA),
high-salt buffer (500 mM NaCl, 20 mM Tris–HCl pH 8.0, 0.1% SDS, 1% Triton X-100, 2 mM
EDTA), LiCl wash buffer (0.25 M LiCl, 10 mM Tris–HCl pH 8.0, 1% NP-40, 1% sodium
deoxycholate, 1 mM EDTA), and PBS. After reverse-crosslinking at 65 ◦C overnight with
elution buffer in the presence of 1% SDS and 1 mg/mL of proteinase K (ThermoFisher,
Waltham, MA, USA), ChIP DNA was purified using a QIAquick PCR Purification Kit
(Qiagen, Hilden, Germany). qPCR was then performed on a LightCycler 96 Instrument
(Roche) using the SsoAdvanced Universal SYBR Green Supermix (BioRad). The sequences
of primers used for qPCR are listed in Supplementary Table S5.



Int. J. Mol. Sci. 2022, 23, 11680 13 of 14

4.12. Statistical Analyses

Data were evaluated by one-way non-parametric ANOVA (Kruskal–Wallis test) using
GraphPad Prism 9.4.0. (GraphPad Software, San Diego, CA, USA) and are presented
as means ± standard deviation (SD). Prior to any statistical analysis, we conducted a
Shapiro–Wilk normality test to confirm the normal distribution of the data.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/ijms231911680/s1.

Author Contributions: Conceptualization, U.K. and H.Y.S.; methodology, U.K., S.K. and N.K.;
software, U.K.; validation, U.K.; formal analysis, U.K.; investigation, U.K., S.K. and N.K.; resources,
H.Y.S.; data curation, U.K.; writing—original draft preparation, U.K.; writing—review and editing,
H.Y.S.; visualization, U.K.; supervision, H.Y.S.; project administration, H.Y.S.; funding acquisition,
H.Y.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by a Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT and Future Planning
(grant number 2018R1C1B6001117) and funded by the Korean government (MSIT) (grant number
2022R1F1A1073325).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) of Konkuk University (KU19048, 4 April 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: Any data or materials that support the findings of this study can be
made available by the corresponding author upon request.

Acknowledgments: We acknowledge Sangha Kwon for assistance with genotyping the ∆E1D
mouse line.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hennighausen, L.; Robinson, G.W. Information networks in the mammary gland. Nat. Rev. Mol. Cell Biol. 2005, 6, 715–725.

[CrossRef] [PubMed]
2. Watson, C.J.; Khaled, W.T. Mammary development in the embryo and adult: A journey of morphogenesis and commitment.

Development 2008, 135, 995–1003. [CrossRef] [PubMed]
3. Horseman, N.D.; Zhao, W.; Montecino-Rodriguez, E.; Tanaka, M.; Nakashima, K.; Engle, S.J.; Smith, F.; Markoff, E.; Dorshkind, K.

Defective mammopoiesis, but normal hematopoiesis, in mice with a targeted disruption of the prolactin gene. EMBO J. 1997, 16,
6926–6935. [CrossRef] [PubMed]

4. Ormandy, C.J.; Camus, A.; Barra, J.; Damotte, D.; Lucas, B.; Buteau, H.; Edery, M.; Brousse, N.; Babinet, C.; Binart, N.; et al.
Null mutation of the prolactin receptor gene produces multiple reproductive defects in the mouse. Genes Dev. 1997, 11, 167–178.
[CrossRef]

5. Neville, M.C.; McFadden, T.B.; Forsyth, I. Hormonal regulation of mammary differentiation and milk secretion. J. Mammary
Gland Biol. Neoplasia 2002, 7, 49–66. [CrossRef]

6. Shin, H.Y.; Willi, M.; HyunYoo, K.; Zeng, X.; Wang, C.; Metser, G.; Hennighausen, L. Hierarchy within the mammary STAT5-driven
Wap super-enhancer. Nat. Genet. 2016, 48, 904–911. [CrossRef]

7. Hnisz, D.; Abraham, B.J.; Lee, T.I.; Lau, A.; Saint-Andre, V.; Sigova, A.A.; Hoke, H.A.; Young, R.A. Super-enhancers in the control
of cell identity and disease. Cell 2013, 155, 934–947. [CrossRef]

8. Whyte, W.A.; Orlando, D.A.; Hnisz, D.; Abraham, B.J.; Lin, C.Y.; Kagey, M.H.; Rahl, P.B.; Lee, T.I.; Young, R.A. Master transcription
factors and mediator establish super-enhancers at key cell identity genes. Cell 2013, 153, 307–319. [CrossRef]

9. Yoo, K.H.; Hennighausen, L.; Shin, H.Y. Dissecting Tissue-Specific Super-Enhancers by Integrating Genome-Wide Analyses and
CRISPR/Cas9 Genome Editing. J. Mammary Gland Biol. Neoplasia 2019, 24, 47–59. [CrossRef]

10. Hnisz, D.; Schuijers, J.; Lin, C.Y.; Weintraub, A.S.; Abraham, B.J.; Lee, T.I.; Bradner, J.E.; Young, R.A. Convergence of developmental
and oncogenic signaling pathways at transcriptional super-enhancers. Mol. Cell 2015, 58, 362–370. [CrossRef]

11. Loven, J.; Hoke, H.A.; Lin, C.Y.; Lau, A.; Orlando, D.A.; Vakoc, C.R.; Bradner, J.E.; Lee, T.I.; Young, R.A. Selective inhibition of
tumor oncogenes by disruption of super-enhancers. Cell 2013, 153, 320–334. [CrossRef] [PubMed]

12. Parker, S.C.; Stitzel, M.L.; Taylor, D.L.; Orozco, J.M.; Erdos, M.R.; Akiyama, J.A.; van Bueren, K.L.; Chines, P.S.; Narisu, N.;
Program, N.C.S.; et al. Chromatin stretch enhancer states drive cell-specific gene regulation and harbor human disease risk
variants. Proc. Natl. Acad. Sci. USA 2013, 110, 17921–17926. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms231911680/s1
http://doi.org/10.1038/nrm1714
http://www.ncbi.nlm.nih.gov/pubmed/16231422
http://doi.org/10.1242/dev.005439
http://www.ncbi.nlm.nih.gov/pubmed/18296651
http://doi.org/10.1093/emboj/16.23.6926
http://www.ncbi.nlm.nih.gov/pubmed/9384572
http://doi.org/10.1101/gad.11.2.167
http://doi.org/10.1023/A:1015770423167
http://doi.org/10.1038/ng.3606
http://doi.org/10.1016/j.cell.2013.09.053
http://doi.org/10.1016/j.cell.2013.03.035
http://doi.org/10.1007/s10911-018-9417-z
http://doi.org/10.1016/j.molcel.2015.02.014
http://doi.org/10.1016/j.cell.2013.03.036
http://www.ncbi.nlm.nih.gov/pubmed/23582323
http://doi.org/10.1073/pnas.1317023110
http://www.ncbi.nlm.nih.gov/pubmed/24127591


Int. J. Mol. Sci. 2022, 23, 11680 14 of 14

13. Vahedi, G.; Kanno, Y.; Furumoto, Y.; Jiang, K.; Parker, S.C.; Erdos, M.R.; Davis, S.R.; Roychoudhuri, R.; Restifo, N.P.;
Gadina, M.; et al. Super-enhancers delineate disease-associated regulatory nodes in T cells. Nature 2015, 520, 558–562. [CrossRef]

14. Shin, H.Y. Targeting Super-Enhancers for Disease Treatment and Diagnosis. Mol. Cells 2018, 41, 506–514. [CrossRef]
15. Pittius, C.W.; Sankaran, L.; Topper, Y.J.; Hennighausen, L. Comparison of the regulation of the whey acidic protein gene with

that of a hybrid gene containing the whey acidic protein gene promoter in transgenic mice. Mol. Endocrinol. 1988, 2, 1027–1032.
[CrossRef]

16. Robinson, G.W.; Kang, K.; Yoo, K.H.; Tang, Y.; Zhu, B.M.; Yamaji, D.; Colditz, V.; Jang, S.J.; Gronostajski, R.M.; Hennighausen, L.
Coregulation of genetic programs by the transcription factors NFIB and STAT5. Mol. Endocrinol. 2014, 28, 758–767. [CrossRef]

17. Zhou, J.; Chehab, R.; Tkalcevic, J.; Naylor, M.J.; Harris, J.; Wilson, T.J.; Tsao, S.; Tellis, I.; Zavarsek, S.; Xu, D.; et al. Elf5 is
essential for early embryogenesis and mammary gland development during pregnancy and lactation. EMBO J. 2005, 24, 635–644.
[CrossRef]

18. Liu, X.; Robinson, G.W.; Wagner, K.U.; Garrett, L.; Wynshaw-Boris, A.; Hennighausen, L. Stat5a is mandatory for adult mammary
gland development and lactogenesis. Genes Dev. 1997, 11, 179–186. [CrossRef]

19. Shyu, Y.J.; Liu, H.; Deng, X.; Hu, C.D. Identification of new fluorescent protein fragments for bimolecular fluorescence comple-
mentation analysis under physiological conditions. Biotechniques 2006, 40, 61–66. [CrossRef]

20. Kerppola, T.K. Design and implementation of bimolecular fluorescence complementation (BiFC) assays for the visualization of
protein interactions in living cells. Nat. Protoc. 2006, 1, 1278–1286. [CrossRef]

21. Miller, K.E.; Kim, Y.; Huh, W.K.; Park, H.O. Bimolecular Fluorescence Complementation (BiFC) Analysis: Advances and Recent
Applications for Genome-Wide Interaction Studies. J. Mol. Biol. 2015, 427, 2039–2055. [CrossRef] [PubMed]

22. Soderberg, O.; Gullberg, M.; Jarvius, M.; Ridderstrale, K.; Leuchowius, K.J.; Jarvius, J.; Wester, K.; Hydbring, P.; Bahram, F.;
Larsson, L.G.; et al. Direct observation of individual endogenous protein complexes in situ by proximity ligation. Nat. Methods
2006, 3, 995–1000. [CrossRef] [PubMed]

23. Gustafsdottir, S.M.; Schallmeiner, E.; Fredriksson, S.; Gullberg, M.; Soderberg, O.; Jarvius, M.; Jarvius, J.; Howell, M.; Landegren, U.
Proximity ligation assays for sensitive and specific protein analyses. Anal. Biochem. 2005, 345, 2–9. [CrossRef] [PubMed]

24. Bellucci, A.; Fiorentini, C.; Zaltieri, M.; Missale, C.; Spano, P. The “in situ” proximity ligation assay to probe protein-protein
interactions in intact tissues. Methods Mol. Biol. 2014, 1174, 397–405. [CrossRef]

25. Willi, M.; Yoo, K.H.; Reinisch, F.; Kuhns, T.M.; Lee, H.K.; Wang, C.; Hennighausen, L. Facultative CTCF sites moderate mammary
super-enhancer activity and regulate juxtaposed gene in non-mammary cells. Nat. Commun. 2017, 8, 16069. [CrossRef]

26. Shin, H.Y. The structural and functional roles of CTCF in the regulation of cell type-specific and human disease-associated
super-enhancers. Genes Genom. 2019, 41, 257–265. [CrossRef]

27. Chen, W.; Roeder, R.G. The Mediator subunit MED1/TRAP220 is required for optimal glucocorticoid receptor-mediated
transcription activation. Nucleic Acids Res. 2007, 35, 6161–6169. [CrossRef]

28. Siersbaek, R.; Rabiee, A.; Nielsen, R.; Sidoli, S.; Traynor, S.; Loft, A.; Poulsen, L.C.; Rogowska-Wrzesinska, A.; Jensen, O.N.;
Mandrup, S. Transcription factor cooperativity in early adipogenic hotspots and super-enhancers. Cell Rep. 2014, 7, 1443–1455.
[CrossRef]

29. Adam, R.C.; Yang, H.; Rockowitz, S.; Larsen, S.B.; Nikolova, M.; Oristian, D.S.; Polak, L.; Kadaja, M.; Asare, A.; Zheng, D.; et al.
Pioneer factors govern super-enhancer dynamics in stem cell plasticity and lineage choice. Nature 2015, 521, 366–370. [CrossRef]

30. Engelen, E.; Brandsma, J.H.; Moen, M.J.; Signorile, L.; Dekkers, D.H.; Demmers, J.; Kockx, C.E.; Ozgur, Z.; van, I.W.F.;
van den Berg, D.L.; et al. Proteins that bind regulatory regions identified by histone modification chromatin immunoprecipita-
tions and mass spectrometry. Nat. Commun. 2015, 6, 7155. [CrossRef]

31. Hnisz, D.; Shrinivas, K.; Young, R.A.; Chakraborty, A.K.; Sharp, P.A. A Phase Separation Model for Transcriptional Control. Cell
2017, 169, 13–23. [CrossRef] [PubMed]

32. Zhang, J.; Yue, W.; Zhou, Y.; Liao, M.; Chen, X.; Hua, J. Super enhancers-Functional cores under the 3D genome. Cell Prolif.
2021, 54, e12970. [CrossRef] [PubMed]

33. Piggin, C.L.; Roden, D.L.; Law, A.M.K.; Molloy, M.P.; Krisp, C.; Swarbrick, A.; Naylor, M.J.; Kalyuga, M.; Kaplan, W.;
Oakes, S.R.; et al. ELF5 modulates the estrogen receptor cistrome in breast cancer. PLoS Genet. 2020, 16, e1008531. [CrossRef]
[PubMed]

34. Raisner, R.; Bainer, R.; Haverty, P.M.; Benedetti, K.L.; Gascoigne, K.E. Super-enhancer acquisition drives oncogene expression in
triple negative breast cancer. PLoS ONE 2020, 15, e0235343. [CrossRef] [PubMed]

35. Huang, H.; Hu, J.; Maryam, A.; Huang, Q.; Zhang, Y.; Ramakrishnan, S.; Li, J.; Ma, H.; Ma, V.W.S.; Cheuk, W.; et al. Defining
super-enhancer landscape in triple-negative breast cancer by multiomic profiling. Nat. Commun. 2021, 12, 2242. [CrossRef]

http://doi.org/10.1038/nature14154
http://doi.org/10.14348/molcells.2018.2297
http://doi.org/10.1210/mend-2-11-1027
http://doi.org/10.1210/me.2012-1387
http://doi.org/10.1038/sj.emboj.7600538
http://doi.org/10.1101/gad.11.2.179
http://doi.org/10.2144/000112036
http://doi.org/10.1038/nprot.2006.201
http://doi.org/10.1016/j.jmb.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25772494
http://doi.org/10.1038/nmeth947
http://www.ncbi.nlm.nih.gov/pubmed/17072308
http://doi.org/10.1016/j.ab.2005.01.018
http://www.ncbi.nlm.nih.gov/pubmed/15950911
http://doi.org/10.1007/978-1-4939-0944-5_27
http://doi.org/10.1038/ncomms16069
http://doi.org/10.1007/s13258-018-0768-z
http://doi.org/10.1093/nar/gkm661
http://doi.org/10.1016/j.celrep.2014.04.042
http://doi.org/10.1038/nature14289
http://doi.org/10.1038/ncomms8155
http://doi.org/10.1016/j.cell.2017.02.007
http://www.ncbi.nlm.nih.gov/pubmed/28340338
http://doi.org/10.1111/cpr.12970
http://www.ncbi.nlm.nih.gov/pubmed/33336467
http://doi.org/10.1371/journal.pgen.1008531
http://www.ncbi.nlm.nih.gov/pubmed/31895944
http://doi.org/10.1371/journal.pone.0235343
http://www.ncbi.nlm.nih.gov/pubmed/32584896
http://doi.org/10.1038/s41467-021-22445-0

	Introduction 
	Results 
	Cellular Localization of Mammary-Enriched Transcription Factors Constituting the Wap Super-Enhancer in Mammary Epithelial Cells 
	Protein Interactions between Mammary-Enriched Transcription Factors in Mammary Epithelial Cells Differ from Those in Non-Mammary Cells 
	Mammary-Enriched Transcription Factors Synergize to Activate the Wap Super-Enhancer for Mammary Gland Differentiation 
	Protein–Protein Interactions within a Mammary-Enriched Transcription Factor Complex Are Essential for Activation of Mammary-Specific Wap Super-Enhancers 

	Discussion 
	Materials and Methods 
	ChIP-Seq Data 
	Plasmids Construction 
	Cell Culture 
	Western Blot Analysis 
	Bimolecular Fluorescence Complementation (BiFC) Assay 
	Mice 
	Generation of Homozygous Mice and Genotyping 
	Histological Analysis 
	In Situ Proximity Ligation Assay (PLA) 
	Quantitative (RT-qPCR) and Conventional RT-PCR 
	Chromatin Immunoprecipitation (ChIP) Analysis 
	Statistical Analyses 

	References

