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Abstract

The de novo formation of milk-secreting mammary epithelium during pregnancy is regulated by prolactin through activation of
the transcription factor STATS, which stimulates the expression of several hundred mammary-specific genes. In addition to its
key role in activating gene expression in mammary tissue, STATS, which is ubiquitously expressed in most cell types, imple-
ments T cell-specific programs controlled by interleukins. However, the mechanisms by which STATS controls cell-specific
genetic programs activated by distinct cytokines remain relatively unknown. Integration of data from genome-wide surveys of
chromatin markers and transcription factor binding at regulatory elements may shed light on the mechanisms that drive cell-
specific programs. Here, we have illustrated how STATS5 controls cell-specific gene expression through its concentration and an
auto-regulatory enhancer supporting its high levels in mammary tissue. The unique genomic features of STATS5-driven enhancers
or super-enhancers that regulate mammary-specific genes and their dynamic remodeling in response to pregnancy hormone
levels are described. We have further provided biological evidence supporting the in vivo function of a STAT5-driven super-
enhancer with the aid of CRISPR/Cas9 genome editing. Finally, we discuss how the functions of mammary-specific super-
enhancers are confined by the zinc finger protein, CTCF, to allow exclusive activation of mammary-specific genes without
affecting common neighboring genes. This review comprehensively summarizes the molecular pathways underlying differential
control of cell-specific gene sets by STATS and provides novel insights into STATS-dependent mammary physiology.
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Introduction growth and branching in postnatal mammary tissue [3, 4]

whereas a single peptide hormone, prolactin, controls the pro-

The mammary gland is a secretory organ in mammals special-
ized in producing milk to feed young offspring. Uniquely,
milk-secreting mammary epithelium only differentiates dur-
ing gestation via a process that is tightly regulated by steroid
and peptide hormones [1, 2]. Steroid hormones, such as estro-
gen and progesterone, are essential for stimulating ductal

>4 Kyung Hyun Yoo
khryu@sookmyung.ac.kr

Department of Biomedical Science and Engineering, Konkuk
University, Seoul 05029, Republic of Korea

Laboratory of Genetics and Physiology, National Institutes of
Diabetes, Digestive and Kidney Diseases, National Institutes of
Health, Bethesda, MD 20892, USA

BK21 PLUS Project, Sookmyung Women’s University,
Seoul 04310, Republic of Korea

Department of Biological Sciences, Sookmyung Women’s
University, Seoul 04310, Republic of Korea

liferation and differentiation of milk-secreting alveolar cells
during pregnancy and lactation [5]. Upon prolactin binding
to its receptor, the key downstream transcription factor, signal
transducer and activator of transcription 5 (referred to as
STATY), is activated and gains entrance into the nucleus [6].
Nuclear-localized STATS binds a DNA recognition motif in
the regulatory region of target genes and activates transcrip-
tion. STATS exists as two isoforms, STAT5A and STAT5B,
encoded by separate genes [7-9]. Although STATS5A and
STATS5B display partially redundant functions in mammary
development, loss-of-function studies in mice and human
have additionally revealed distinct roles. Deletion of Stat5a
in mice leads to impaired mammary alveolar development,
although this is partially complemented by Staz5bh [10-12].
Inactivation of Stat5b in mice triggers body growth defects
and impaired immune cell proliferation [13, 14]. Ablation of
both Stat5a and Stat5h in mice causes prenatal lethality due to
fetal anemia [10, 15, 16]. STATS is widely expressed in the
majority of tissues. Notably, STAT5A is predominantly
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detected in mammary tissue while STATSB is more abundant
in immune cells [17]. However, little is known about the
mechanisms underlying the differential expression patterns
and biological functions of STATS.

Recent advances in genome-wide analysis have improved
our fundamental understanding of the unique genomic struc-
ture of regulatory elements that drives cell-type specific gene
expression [18, 19]. Genome-wide screening of histone mod-
ification markers and transcription factor binding is a com-
monly used technique to predict putative regulatory elements,
such as enhancers and promoters. Active enhancers and pro-
moters are frequently found in open chromatin regions devoid
of nucleosomes and highly occupied by RNA polymerase II
(RNA Pol 1) and cofactors [20, 21]. In particular, active en-
hancers are generally modified by acetylation at lysine 27 of
histone H3 (H3K27ac) whereas active promoters are enriched
with trimethylation of H3K4 (H3K4me3). Advanced genome
engineering technologies, such as CRISPR/Cas9, further fa-
cilitate determination of the biological functions of putative
regulatory elements [22-24]. This review comprehensively
summarizes the mechanisms by which STATS controls the
transcription of mammary-specific gene sets, mechanisms in-
volving STATS autoregulatory enhancers that respond to al-
terations in cytokine concentrations. We additionally describe
the unique genomic features and biological functions of
STATS5-driven mammary specific super-enhancers and their
dynamic remodeling during mammary gland development.

Autoregulation of Mammary-Specific STAT5

Recent RNA-seq data revealed that Statz5a mRNA levels are
higher in mammary tissue than in other cell types, suggesting
mammary-specific transcriptional control of the Stat5 locus
[22]. To determine the regulatory elements that are exclusively
active in mammary tissue, Metser et al. conducted DNase-seq
analysis with the aim of identifying DNase I-hypersensitive
sites (DHS) at the Stat5 locus in eight different mouse tissues,
including mammary tissue at day one of lactation (L1). The
DNase-seq technique involves genome-wide sequencing of
regions sensitive to DNase I cleavage and is commonly used
to identify open chromatin regions that bind transcriptional
machinery [20]. The Stat5 locus encodes two distinct genes,
Stat5a and Stat5h, positioned in a head-to-head orientation
with a ~10 kb intergenic region between them [25]. While
several DHS sites were identified in the promoter regions of
both Stat5a and Stat5b in most tissues, including heart, liver,
lung and muscle, a single site is present in the intergenic re-
gion of the Stat5 locus exclusively in mammary tissue. This
single open chromatin region is located closer to the transcrip-
tion start site (TSS) of Stat5a than Stat5h. Chromatin
immunoprecipitation-sequencing (ChIP-seq) experiments fur-
ther revealed that this mammary-specific intergenic region is
highly enriched with an active enhancer marker, H3K27ac,
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RNA Pol I and STATS5 binding (Fig. 1a). Additional ChIP-
seq experiments demonstrated that mammary-enriched tran-
scription factors, including the glucocorticoid receptor (GR),
nuclear factor I/B (NFIB) and E74-like factor 5 (ELF5), co-
localize with STATS in the putative enhancer region of the
mouse genome. GR synergistically induces milk protein genes
with STATS in response to prolactin stimulation [26]. NFIB
acts as a co-regulator of STAT5 and activates mammary-
specific genes [27], and ELFS5 is predominantly expressed in
mammary epithelium and shown to be essential for mammary
development during pregnancy [28]. Collective data from
DNase I hypersensitive and ChIP-seq studies have facilitated
characterization of the putative enhancer regions exclusively
activated in mammary tissue.

To further establish the in vivo function of STATS at the
putative enhancers, CRISPR/Cas9 genome editing was
employed to generate mice lacking two juxtaposed STATS
binding motifs (GAS, TTCnnnGAA) within the intergenic
enhancer region [22]. The GAS motif refers to an Interferon-
Gamma Activated Sequence, a consensus DNA-recognition
motif of all STAT family members, with the exception of
STAT6. Once cytokine-stimulated STATs translocate into the
nucleus, they bind to GAS motifs in the regulatory elements of
target genes, inducing gene transcription [6]. Deletion of the
two canonical STATS binding motifs in the Staz5 locus led to
the reduction of Stat5a expression by ~80% in mammary
tissue whereas mRNA levels remained constant in T cells
and liver, indicating that Stat5a gene expression is specifically
controlled via autoregulation in mammary tissue. To further
investigate whether the intergenic Stat5 enhancer is involved
in mammary-specific regulation of STAT5 target genes,
mRNA levels of several target genes were examined in en-
hancer mutants. Notably, while the expression of mammary-
specific genes, such as Wap, Csnls2b, and Csn2, was signif-
icantly reduced, the common Stat5 target gene, Socs2, ap-
peared insensitive to STATS levels (Fig. 1b). Wap and casein
(Csn) are milk protein genes activated by prolactin [29] while
Socs? is a negative regulator of STATS, which is induced by a
subset of cytokines in most tissues [30]. Consistent with local
gene expression data, RNA-seq experiments revealed global
alterations in the expression of mammary-specific STATS tar-
get genes upon mutation of the Stat5 enhancer. Approximately
155 genes were upregulated and ~200 genes downregulated in
mutant mice. These findings suggest that the intergenic Stat
enhancer maintains high expression levels of STATS in mam-
mary tissue via autoregulation and is further involved in reg-
ulation of mammary-specific STATS target genes.

Differential Cytokine Sensitivity of STAT5-Driven
Enhancers

The mammary gland undergoes repeated cycles of prolifera-
tion and differentiation of epithelium, milk secretion and
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Fig. 1 Autoregulation of the Stat5 locus in mammary tissue. a ChIP-seq
profiles of an auto-regulatory enhancer at the Stat5 locus. Mammary-
specific STATS binding coincides with two adjacent GAS motifs,
3.5 kb upstream of Stat5a. Mammary-enriched transcription factors, in-
cluding GR, ELFS, and NFIB, co-localize with STATS. The active en-
hancer marker, H3K27ac, is highly enriched in the intergenic region of
Stat5 locus devoid of transcription factor binding in mammary tissue, but
not liver or T cells. b Differential STATS5 sensitivity of mammary-specific
genes and common STATS target genes. Mammary-specific STATS target

apoptosis during pregnancy [1, 2]. This cyclic developmental
process is mainly controlled by fluctuation of prolactin levels.
Increase in prolactin levels during pregnancy and lactation
activates STATS and further induces genes essential for mam-
mary alveolar cell proliferation and differentiation, and con-
versely, decline in prolactin levels during involution deacti-
vates STATS5 and reduces the number of mammary epithelial
cells (MECs) within alveoli in mice [31-33]. Willi and co-
workers [34] further investigated the effects of cytokine levels
on the structure of STATS5-driven enhancers at different mam-
mary developmental stages. ChIP-seq experiments conducted
with STATS and H3K27ac during lactation led to the identi-
fication of ~9200 putative STATS-driven enhancers within the
mammary genome at L1. Enhancers can be categorized into
three groups, depending on the dissociation rates of active
enhancer marks and mammary-enriched transcription factors
upon termination of lactation. Enhancers are cis-acting regu-
latory elements comprised of nucleotide sequences in the ge-
nome. They are activated upon recruitment of transcription
factors, followed by the establishment of a permissive histone
modification landscape and subsequent induction of associat-
ed genes. Conversely, the detachment of these factors inacti-
vates enhancers and leads to loss of gene transcription. These
reversible chromatin features are often controlled by environ-
mental cues, such as cytokines or hormones [20]. Among the
~9200 active enhancers established at L1, ~4370 lost their
activity within 12 h of involution (I12) (designated ‘class 1’
enhancers), ~4520 ‘class 2’ enhancers were inactivated after
24 h (I124) and 315 “class 3’ enhancer activities were retained,
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genes are highly induced with increasing STATS concentrations, whereas
common STATS target genes are insensitive. ¢ Role of Stat5 auto-
regulatory enhancers in mammary alveolar differentiation. Mice carrying
one intact Stat5 allele (Stat5 *) displayed normal alveolar mammary
differentiation while those homozygous for the enhancer mutation
(Star5”F'AE) showed less developed mammary epithelium with reduc-
tions in the numbers and sizes of MECs and those containing an enhancer
mutation and null allele (Stat5°F") were underdeveloped

even after 24 h of involution. Because ChIP-seq analyses were
performed with mouse mammary tissue after the removal of
lymph nodes and adipocytes, distinct features of classified
enhancers may be specific to mammary epithelial cells. A
search for STATS binding motifs within the three enhancer
groups revealed the presence of a GAS motif in 38% class
1, 54% class 2 and 74% class 3 enhancers. Notably, enhancers
containing the GAS motif were highly occupied by STATS in
all three groups, with the most resistant enhancer group (class
3) being occupied by the highest levels of STATS. Moreover,
STATS5-sensitive enhancers (class 1 and 2) preferentially con-
trol mammary-specific genes whereas enhancers insensitive to
STATS concentration (class 3) are prevalently linked to widely
expressed genes. These results suggest that mammary-specific
enhancers and universal enhancers have differential sensitivity
to cytokine levels and STAT5 concentrations.

Genetic studies complementing genome-wide analyses have
further confirmed that class 1 enhancers are sensitive to STATS
concentrations. Mutant mice with four distinct genotypes were
employed to investigate the effects of STATS integrity on en-
hancer function. Mice carrying two intact Stat5 alleles
(Stat5™"") expressed 100% STAT5 whereas those with a single
Stat5 allele (Stat5™") expressed 50% STATS, although their
histological appearance was normal and STATS activation
levels equivalent to wild-type mice (Fig. 1c). Mice homozy-
gous for Stat5 auto-regulatory enhancer mutation (Stat5SEAE)
only expressed 25% STATS and showed reductions in the num-
ber and size of MECs in alveoli, while still displaying hall-
marks of cell differentiation. Mice with one Staz5-null and
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one enhancer mutant allele (Staz5°*") expressed ~10% STATS
and were underdeveloped. Notably, the integrity of STATS-
sensitive class 1 enhancers was significantly reduced at L1,
reminiscent of wild-type involution, in Stat5 auto-regulatory
enhancer mutants (Szaz5°%~F). These mutational studies dem-
onstrate that the Stat5 auto-regulatory enhancer plays a critical
role in maintaining STATS levels in mammary tissue and the
integrity of STATS-driven mammary-specific enhancers is sig-
nificantly affected by the STATS concentration.

Differential Roles of STAT5-Driven Enhancers
and Promoters

STATS activates both lineage-specific and ubiquitously
expressed genes through distinct regulatory mechanisms [6,
35]. To elucidate the mechanisms by which STATS executes
differential gene regulation, Zeng et al. [24] mapped genome-
wide STATS binding sites in three different tissue types (lactat-
ing mammary epithelium, T helper cells, and liver) in mice via
ChIP-seq analyses. In total, 400 STAT5 binding sites were
commonly present in all three tissues, ~16,000 STATS binding
sites exclusively in mammary tissues, 12,300 sites in liver, and
12,400 sites in T cells. Notably, shared STATS binding sites
were significantly enriched in promoters and mammary-
specific STATS binding sites predominantly detected in distal
enhancers enriched with an active enhancer marker, H3K27ac.
Mammary-enriched transcription factors co-localized with
STATS on putative enhancers, but not promoters. A motif
search revealed that DNA binding motifs of the mammary-
enriched transcription factors ELF5, GR, and NFIB, are signif-
icantly enriched in STATS5-bound enhancers in mammary tis-
sue whereas binding motifs for liver-specific HNF4A and
FOXAL are dominant in STAT5-driven enhancers in liver.

Differential cytokine sensitivity has also been reported in
lineage-specific enhancers and STAT5-binding common pro-
moters. Chromatin accessibility of lineage-specific enhancers
is highly dependent on cytokine levels while common pro-
moters are relatively insensitive. Although both Wap and
Socs?2 expression are controlled by STATS [23, 30], chromatin
accessibility of three enhancers upstream of mammary-
specific Wap gene is highly sensitive to prolactin levels where-
as that of the promoter found in widely expressed Socs2 re-
mains constant, independent of the growth hormone level
(Fig. 2). Concordantly, genes in close proximity to lineage-
specific enhancers are significantly induced in response to
cytokines, compared to those near common promoters. The
Wap gene is induced up to 1,000-fold during pregnancy while
Socs?2 is only expressed at the basal level.

To further explore the role of STATS in the promoter re-
gions of widely expressed genes, two adjacent STATS-
binding motifs within the Socs2 promoter were mutated via
CRISPR/Cas9 genome editing in mice. Animals with STATS
mutant promoter regions showed impaired Socs2 induction
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during pregnancy and lactation, along with precocious mam-
mary gland development. However, basal activity of Socs2
was maintained in mutants, suggesting that STATS5 binding
is essential for cytokine-induced Socs2 expression, but not
basal activity. Taken together, these findings indicate that
STATS differentially controls lineage-specific genes via en-
hancers and widely expressed genes through promoters, lead-
ing to the proposal that STATS is required for activation of
cytokine-sensitive enhancers but only fine-tunes promoter ac-
tivities upon cytokine stimulation.

STAT5-Driven Mammary-Specific Super-Enhancers

Recent progress in genome-wide technologies has led to the
discovery of a hitherto unknown type of enhancer with unique
genomic structures and biological functions. In 2013, Whyte
et al. [36, 37] first introduced the novel concept of super-
enhancers in embryonic stem cells, which drive cell-type spe-
cific gene control. In the same year, a similar concept of
stretched enhancers was proposed by Parker et al. [38].
Further studies focused on characterization of the chromatin
structure of super-enhancers in a wide range of cell types,
including T cells [39], hair follicle cells [40] and chondrocytes
[41]. Compared to conventional enhancers, super-enhancers
are clusters of enhancers covering long regulatory regions (>
10 kb) that are highly occupied by H3K27ac, a subunit of the
mediator complex MED1 [42], and lineage-specific or master
transcription factors. Although super-enhancers are frequently
located near genes specifically expressed in certain cell types,
their bona fide biological function remains a subject of con-
troversy due to the lack of in vivo studies [43]. The mouse
genome contains 440 mammary-specific super-enhancers,
and in vivo biological activities of super-enhancers were de-
termined using experimental mouse genetics [23]. The chro-
matin structure of mammary-specific super-enhancers in cell
nuclei obtained from frozen mammary tissue was assessed by
ChIP-seq analyses with various mammary-enriched transcrip-
tion factors and active enhancer markers. Similar to super-
enhancers found in other tissues, mammary-specific super-en-
hancers are enriched with the H3K27ac marker, MED1, and
RNA Pol II. Unique features of these super-enhancers include
high occupancy of the master transcription factor, STATS,
with co-localization of mammary-enriched transcription fac-
tors, such as GR, NFIB, and ELF5 (Fig. 3a). For example, the
mammary-specific Wap super-enhancer comprises three con-
stituent enhancers, a proximal enhancer E1 (—650 bp for TSS),
enhancer E2 (1.4 kb from TSS), and the most distal enhancer
E3 (—4.7 kb from TSS) that are highly occupied by mammary-
enriched transcription factors.

The in vivo biological roles of mammary-specific super-
enhancers were investigated by examining constituent en-
hancers of the Wap super-enhancer in mice. CRISPR/Cas9
genome editing and TALEN technology were utilized to
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Fig. 2 Differential cytokine sensitivities of STAT5-driven enhancers and
promoters. At low pregnancy hormone levels, STAT5 binds to the pro-
moter of widely expressed Socs2 or mammary-specific Wap and induces
basal gene expression. In response to high levels of pregnancy hormones,

generate mutations in the three individual enhancers and their
combinations [44]. The STATS binding site at E1 was deleted
via CRISPR/Cas9 and STATS binding sites at E2 and E3 with
TALEN. Deletion of individual enhancers revealed differential
roles within the Wap super-enhancer. Specifically, inactivation
of E1 (AE1) reduced Wap gene induction at L1 by 62%, loss of
E2 (AE2) resulted in 48% gene reduction, and deletion of distal
E3 (AE3) led to 91% gene reduction. These data suggest that
while the constituent enhancers have similar transcription fac-
tor occupancy and H3K27ac profiles, they play different roles
within Wap super-enhancers, the most critical being the distal
enhancer E3. These results are informative but do not elucidate

a Super-Enhancer b
(12.5 kb)

Q 00

STATS /\ /\
AN

GR /\
A

NFIB

ELF5

AN

AN
H3K27ac
AN td WA NVAN

Fig. 3 Stat5-driven mammary-specific super-enhancers. a Genomic fea-
tures of mammary-specific super-enhancers identified by ChIP-seq anal-
yses. Super-enhancers are clusters of enhancers covering long regions of
genomic DNA (> 12.5 kb). Constituent mammary-specific enhancers are
co-occupied by mammary-enriched transcription factors (STATS, GR,
NFIB and ELF5), a mediator (MED1) and active enhancer marker,
H3K27ac. b Dynamic remodeling of mammary-specific super-enhancers
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enhancers upstream of mammary-specific Wap are occupied by STATS
and mammary-enriched transcription factors and activate gene expression
to a significant extent. Pregnancy hormones include prolactin, progester-
one and estrogen, which are produced during gestation

the mechanisms underlying Wap gene induction up to 1,000-
fold during lactation. Importantly, deletion of STATS binding
sites at all three constituent enhancers (AE1/AE2/AE3) sup-
pressed Wap gene expression at L1 to ~0.1% that of the wild-
type control. Consistent with the functional hierarchy in indi-
vidual mutants, combinatorial deletion of E1 and E2 (AE1/
AE2) led to retention of 12.5% Wap mRNA whereas loss of
El and E3 (AE1/AE3) reduced the mRNA level to 5.5%,
validating the significance of the most distal enhancer, E3.
These mouse genetic experiments clearly demonstrated the bi-
ological relevance of super-enhancers in cell type-specific gene
control and the distinct roles of constituent enhancers.
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demonstrated by ChIP-seq analyses during mammary gland develop-
ment. Mammary-specific Wap super-enhancer consists of three constitu-
ent enhancers, E1, E2 and E3. At the early pregnancy stages, only prox-
imal E1 is occupied by STATS and H3K27ac. During lactation, all three
enhancers are fully established. After termination of lactation, only E3
rapidly disappears, indicating that the most distal E3 is highly sensitive to
STATS concentrations
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Dynamic Remodeling of Mammary-Specific
Super-Enhancers during Mammary Gland
Development

Super enhancers are known to be sensitive to environmental
changes. Previously, Adam et al. [40] showed that super-
enhancers in hair follicle stem cells undergo remodeling dur-
ing lineage progression. Dynamic remodeling has additionally
been detected in mammary-specific super-enhancers.
Chromatin structures of mammary-specific super-enhancers
were investigated on day 13 of pregnancy (p13) and L1 in
mice [34]. Importantly, >95% of super-enhancers were grad-
ually established from p13 to L1. Approximately 7% super-
enhancers were not established at p13 and only occupied at
L1. In 56% super-enhancers, less than half the constituent
enhancers were already occupied at p13. In 32% super-en-
hancers, more than half the constituents were occupied at
p13 whereas 5% were fully established at p13. Only E1 was
occupied at p13 whereas E2 and E3 were occupied at L1 in the
case of the Wap super-enhancer (Fig. 3b). These genomic
alterations suggest that super-enhancers are sensitive to extra-
cellular signals, such as cytokine stimulation.

Concordantly, decommissioning of mammary-specific su-
per-enhancers resembles the sequential process of enhancer
establishment. ChIP-seq profiles of STATS and H3K27ac re-
vealed rapid eradication of mammary-specific super-enhancers
after termination of lactation [34]. Approximately 75% of the
genes were associated with mammary-specific enhancers, with
loss of at least one enhancer within 12 h of involution and 24%
genes within 24 h, while 1% of the genes were resistant to
involution. For instance, one constituent enhancer within the
Wap super-enhancer was decommissioned within 12 h and two
others within 24 h of involution (Fig. 3b). Importantly, the
distal enhancer E3 first disappeared within 12 h in response
to the decline in prolactin levels and E1 and E2 disappeared
after 24 h of involution. Additional ChIP-seq experiments re-
vealed that another STAT family member, STAT3, can effec-
tively replace STATS, since both STATS and STAT3 recognize
identical DNA binding motifs [45, 46]. Distinct and reciprocal
roles of STAT5 and STAT3 have been demonstrated during
normal mammary gland development and in breast cancer cells
[10, 11, 32, 47]. Whereas STATS is activated during late preg-
nancy and lactation, resulting in alveolar proliferation and dif-
ferentiation [10, 11], STAT3 is activated during involution and
leads to cell apoptosis [32]. In breast cancer cells, STATS5 and
STAT3 compete to bind to the same regulatory site on the Bcl6
gene, a transcriptional repressor involved in preventing the
transcription of the (3-casein gene and repressing the terminal
differentiation of the mammary gland [47]. ChIP analyses have
demonstrated that, although prolactin-stimulated STATS re-
duces Bcl6 gene expression by inhibiting RNA Pol II binding,
LIF-induced STAT3 increases Bc/6 gene transcription by
recruiting RNA Pol II in breast cancer cells. In the Wap
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super-enhancer, STATS5 binding at E1 and E2 was effectively
replaced with STAT3 after 24 h of involution.
Immunohistochemical analyses consistently revealed that loss
of phosphorylated STATS (p-STATS) within 12 h of involution
could be rapidly replaced by p-STAT3 [34]. Thus, super-
enhancers have the capacity to fine-tune the transcriptional ac-
tivation of cell type-specific genes through sequential enhancer
establishment and retrograde enhancer destruction in response
to extracellular cytokine stimuli.

CTCF as a Moderator of Mammary-Specific Gene
Regulation

Super-enhancers regulate cell-type specific gene transcription
and induce gene activation up to several thousand-fold. To
avoid the spillover of transcriptional control to neighboring
genes, the activities of super-enhancers need to be confined
to their respective target genes. The genome is proposed to be
compartmentalized into a topology-associated domain (TAD)
that provides a shield from neighboring regulatory units [48].
The zinc-finger protein CCCTC binding factor (CTCF) is
enriched in the border of TAD and serves an anchor for chro-
matin looping to perform its insulation function [49-51].
However, biological functions of CTCF sites have been main-
ly determined in cell lines and embryonic stem cells [52-55]
and limited genetic evidence exists in the literature. Through
ChIP-seq profiling of CTCF sites within mammary-specific
Wap super-enhancers and examination of individual sites
using CRISPR/Cas9 genome editing, the in vivo biological
functions of CTCF sites were analyzed [56]. The Wap gene
is located between two distinct genes, Ramp3 and Thrg4,
expressed at low levels in many cell types (Fig. 4a). This locus
contains five CTCF sites that are shared between different
tissues. Site A coincides with a TAD border and site E pre-
sumed to serve as an anchorage for chromatin looping. Sites C
and D preferentially respond to cytokines. To ascertain the
specific role of each CTCF site in the Wap locus, sites were
deleted individually and in combination via CRISPR/Cas9
genome editing. While none of the CTCF mutations affected
Wap gene expression, loss of site E induced a five-fold in-
crease in the neighboring Ramp3 gene. Combined deletion
of sites C, D and E further led to seven-fold induction of
Ramp3, suggesting that C and D interact with site E.
Moreover, chromosome conformation capture-on-chip (4C)
experiments revealed that deletion of all three CTCF sites
enhanced interactions between E3 of the Wap locus and the
first intron of Ramp3. These results indicate that CTCF sites
are not sufficient to block super-enhancer activity but are able
to silence neighboring gene activation.

In vivo biological functions of CTCF sites were further
investigated in the larger context of the mammary-specific
Csn locus [57] consisting of five Csn genes that are exclusive-
ly expressed in mammary tissue and induced up to 1,000-fold
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Fig. 4 The role of CTCF sites in
mammary-specific Wap and Csn
locus. a The porous nature of the
CTCEF site at the Wap locus.
Mammary-specific Wap locus
containing five CTCF binding
sites (A to E) is located between
Tbrg4 and Ramp3. While deletion
of sites C, D, and E did not affect
Wap expression, the neighboring
Ramp3 gene was significantly in-
duced, along with elevated chro-
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during pregnancy. Four mammary-specific super-enhancers
are present within the extended Csn locus from Csnlis! to
Csn3 (Fig. 4b), two located between Csn2 and Csnls2a, one
upstream of Odam, and one upstream of Csn3. The Sultld]
gene is positioned 95 kb upstream of Csn s/ and expressed at
low levels in mammary tissue. In contrast, neither Sutllel
positioned closer to Csnlsl nor Cabsl located 56 kb down-
stream of Csn3 is expressed in mammary tissue. Lee and co-
workers conducted CTCF ChIP-seq analyses on mouse mam-
mary tissue during lactation and identified four CTCF sites
(referred to as sites A, B, C, and D) in the Csn locus [57].
The individual CTCF sites were mutated via CRISPR/Cas9
genome editing in mice and their roles in establishing insulat-
ed neighborhoods investigated. While mutation of individual
CTCEF sites did not alter Csn gene levels in mammary tissue,
loss of site A (but no other mutations) induced increased ex-
pression of neighboring Sultldl up to 3-fold in mammary
tissue. Although Sultldl gene expression was induced in the
absence of CTCF site A, the H3K27ac landscape and STATS
binding profiles remained unchanged and only RNA Pol II
binding levels were increased in the promoter region. These
findings suggest that the only genes that are already expressed,

even at low levels, are induced in response to loss of the CTCF
site. To further ascertain whether promoter and enhancer in-
teractions are affected in the absence of CTCF site A, chro-
mosome conformation capture (3C) experiments were per-
formed. Interactions between CTCEF sites A and C were dem-
onstrated in WT mammary tissue and showed a ~10-fold de-
crease upon removal of site A. De novo interactions between
Sultdld and the Csn locus were additionally established.
Taken together, the data indicate that CTCF does not play a
prominent role in demarcating distinct regulatory units but
abrogation of functional CTCF sites triggers upregulation of
neighboring genes that are already activated, further leading to
establishment of de novo chromatin interactions.

Conclusions

Transcription factors convey extracellular signals to respon-
sive genes in a wide range of cells. Limited studies to date
have demonstrated how common transcription factors, such as
STATS, differentially regulate cell type-specific and widely
expressed genes. This review provides an overview of the
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differential regulatory mechanisms of STATS during mamma-
ry gland development.

STATS expression levels in mammary epithelium are
higher than in other cell types, a result of an auto-regulatory
enhancer. High STATS5 concentrations are the underpinning of
the activation of mammary-specific target genes during preg-
nancy and lactation. Mammary-specific gene regulation may
be due to the unique chromatin features of the STATS
autoregulatory enhancer and its target gene enhancers, such
as the Wap and Csn enhancers. A search for motifs indicative
of transcription factors demonstrated that these enhancer re-
gions contain a group of DNA binding sites for mammary-
enriched transcription factors, including STATS, GR, NFIB,
and ELF5 [22, 23]. ChIP-seq analyses further demonstrated
that these enhancers are densely bound by those transcription
factors and active histone markers. Similar genomic arrange-
ments have been observed in the regulatory regions of the f3-
casein gene. For example, the proximal promoter and distal
enhancer of the 3-casein gene contain DNA binding motifs
for transcription factors essential for mammary gland devel-
opment (i.e., STATS, GR, NF-1, ETS and C/EBPf3), a group
called “composite response elements” [58]. CEBP/f is a mem-
ber of the CCAAT/enhancer binding protein family of bZIP
transcription factors essential for mammary gland development
and expression of genes encoding milk proteins. Cooperation of
STATS5, GR, and C/EBPf3 synergized to induce the transcription
of the 3-casein gene in HC11 mammary epithelial cells. ChIP
assays revealed that this synergistic effect is achieved by both
protein-DNA binding and protein-protein interactions of these
transcription factors [59]. Indeed, the amino-terminal domain of
GR can interact with STATS, whereas the DNA-binding domain
of GR can interact with the amino-terminal transactivation do-
main of C/EBP{3. More importantly, because the DNA binding
motif of GR is only present in the promoter, not in the enhancer,
and STATS can only interact with C/EBPf3 in the presence of
full length GR, GR may bridge STATS and C/EBP 3 [59].
Further 3C experiments demonstrated the long-range chromatin
interaction between the promoter and enhancer of the (3-casein
gene. Chromatin looping occurred only after the stimulation
with both prolactin and hydrocortisone in HC11 cells, 3D mam-
mary acini cultures and primary MECs isolated from lactating
mice, but did not occur following treatment with a single hor-
mone, in untreated cells and in MECs of virgin mice [60, 61].

Boosting expression of cell type-specific genes via an
autoregulatory mechanism has also been observed in other
cell types. GATA1 is a transcription factor essential for eryth-
ropoiesis and its autoregulation ensures the maintenance of
high expression levels during erythroid lineage differentiation
[62, 63]. STATS also differentially controls lineage-specific
and widely expressed genes through enhancers and pro-
moters, respectively. This distinct engagement of a transcrip-
tion factor in gene regulation has been identified in
chondrocytes with SOX9, a principal transcription factor of
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chondrocyte specification and differentiation [64]. SOX9
binding motifs as well as binding intensities are highly
enriched in enhancers compared to promoters. Moreover,
enhancer-associated genes are highly expressed in lincage-
specific cells whereas promoter-associated genes are generally
expressed in a wide range of cells.

Extensive cell type-specific gene control is driven by su-
per-enhancers. Super-enhancers have been identified in a va-
riety of cell types and their unique chromatin compositions,
including lineage-specific transcription factor binding, are
well characterized. This review focused primarily on the
mammary-specific regulation of the Wap and Csn genes.
Additional mammary-specific genes, such as Wdnm/ and
Lalba, the latter of which encodes alpha-lactalbumin, display
gene expression patterns similar to those of Csn and Wap,
respectively [65]. Indeed, the expression pattern of Wdnml
is more similar to Csn2, in that both genes are expressed from
mid-pregnancy (p14) and increase during lactation [66]. In
contrast, expression of both Lalba and Wap occurs in late
pregnancy(p18 to L1). Our recent RNA-seq data also supports
these findings [23]. Further studies are needed to determine
whether the regulatory mechanisms of Wdnm! and Lalba are
similar to those of Csn2 and Wap, respectively.

In response to the levels of extracellular signals, the struc-
tures of super-enhancers evolve, leading to fine-tuning of spe-
cific gene activation. More detailed studies may be necessary
to confirm whether super-enhancers are sufficient to deter-
mine specific cell types. The issue of whether introduction
of a mammary-specific super-enhancer into a non-mammary
locus can activate a silent gene in mammary tissue is of sig-
nificant research interest. Super-enhancers that are co-
occupied by mammary-enriched transcription factors (i.e.,
STATS5, GR, NFIB, ELF5) can control the transcription of
mammary-specific gene sets involved in mammary tissue dif-
ferentiation. In contrast, super-enhancers bound by embryonic
stem cell markers (i.e., Oct4, Sox2, and Nanog) specifically
regulate genes that determine the identity of embryonic stem
cells. Hence, the induction of groups of genes involved in cell
identity are dependent on the type of lineage-specific tran-
scription factors bound to super-enhancers, with the expres-
sion of these genes possibly further driving specific cell types.

Extensive investigation of the potential role of CTCF in
insulating neighborhoods has revealed that not all CTCFs
within mammary-specific super-enhancers function as bound-
ary molecules. Functional CTCEF sites silence but do not block
neighboring gene activation. Moreover, deletion of CTCF
sites only promotes activation of genes that are already
expressed. Integration of genome-wide analyses and
CRISPR/Cas9 genome engineering technology should shed
further light on the veiled genomic structures essential for cell
type-specific control and their biological functions.

The recent development of single cell sequencing technol-
ogy has provided new opportunities to determine the
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transcriptome and chromatin features. This, in turn, may facil-
itate understanding of the mechanisms underlying cell-type
specific gene controls. Indeed, single cell RNA-seq analyses
have been exploited to understand the distinct gene expression
profiles of different lineages of mammary epithelial cells, in-
cluding luminal cells and basal cells [67-70]. However, deter-
mining the chromatin features of single cells is technically
more challenging. In our experience, transcription factors
could be easily detached from chromatin during isolation of
single mammary epithelial cells, resulting in a failure of ChIP-
seq analyses. Further technical advances are essential for
deepening our understanding of the complex genetic circuits
controlling mammary physiology.
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