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Review
Glossary

Alveolar: located within an alveolus in the mammary gland, the basic spherical

milk secreting units that are packaged together to form alveoli and are further

aggregated to form the lobuloalveolar structures known in humans as the

terminal ductal lobuloalveolar unit.

Basal: cellular position within the duct located at the basement membrane,

without a luminal face. Note: many cells have both ductal basal and luminal

faces resulting in confusion. Basal is used mainly to describe myoepithelial

cells and cells that sort with them during flow cytometry. These terms are

confusingly also used to describe patterns of gene expression that distinguish

the intrinsic molecular subtypes of breast cancer.

Basal subtype: breast cancers which are generally estrogen receptor negative

and are associated with poor prognosis.

Dedifferentiation: the process of reprogramming a differentiated cell to obtain

pluripotency.

Determination: the process of choosing one fate over another. Mechanisms

operate to end specification by fixing a decision, causing the loss of gene

expression associated with the alternative fate and stabilizing the decision

often via inheritable epigenetic mechanisms.

Intrinsic molecular subtypes: the types of breast cancer distinguished by their

patterns of gene expression.

Loss of heterozygosity (LOH): loss of heterozygosity in cancer is the loss of a

wild-type allele to expose the activity of a mutant allele, either by deletion of

the region containing the wild-type allele or by genetic damage resulting in its

replacement by a mutant allele. Seen as the loss of heterozygous markers in

cancer, compared to somatic cells.

Luminal: cellular position within the mammary duct located at the face of the

lumen.

Luminal subtype: breast cancers that are generally estrogen receptor positive.

Multipotency: the ability of a cell to contribute to multiple cell lineages,

typically restricted to a single tissue.

Paracrine signaling: secretion by a cell of a factor that modulates a nearby cell.

Pluripotency: the ability of a cell to make all three germ layers but not placenta

(e.g. induced pluripotent stem cells).

Specification: the process by which a cell fate decision is initiated by the de

novo expression of specifying factors, giving the cell a choice of phenotypic

fates that did not previously exist and which remains plastic. Often, the cell

expresses aspects of both fates simultaneously.

Totipotency: the ability of a cell to make all cell types including placenta (e.g.

an embryonic stem cell).

Transdifferentiation: the process by which a cell undergoes a phenotypic

switch to assume the appearance of differentiated cells from a mutually

exclusive clade. It is also called metaplasia. Epithelial to mesenchymal
Recent elucidation of the stem and progenitor cell hier-
archies that operate during normal tissue and organ
development has provided a foundation for the devel-
opment of new insights into the disease process. These
hierarchies are established by genetic mechanisms,
which specify and determine cell fate and act as cell-
clade gatekeepers, upon which all multicellular organ-
isms depend for viability. Perturbation of this gatekeeper
function characterizes developmentally based diseases,
such as cancer. Here, the emerging gatekeeper and
master regulatory roles of the ETS transcription factor
Elf5 in several diverse developmental scenarios is
reviewed, and how this function intersects with hormon-
al and growth factor mediated regulation of these
processes is shown.

Cell hierarchies and the genesis of diversity in cancer
phenotypes
Asymmetric stem cell division starts the production of new
cells, which make several cell fate decisions as they move
toward their completely differentiated state. Each decision
creates a new lineage, further restricting the possible final
phenotypes. The process of choosing between mutually
exclusive cell fates starts with the preliminary nonbinding
step of specification and becomes determined once the fate
of the cell is irreversibly sealed. Specification involves de
novo transcription factor expression and repression during
which fate remains plastic, whereas determination
involves the development of feedback loops to fix cell fate.
Epigenetic mechanisms are involved in both specification
and determination, and ensure stable inheritance of the
fixed phenotype during subsequent cell divisions.

Transdifferentiation (where one differentiated cell type
changes to become another differentiated cell type from an
apparently mutually-exclusive lineage) or dedifferentiation
(where differentiated cells regain pluripotency) occur in a
few anomalous situations, such as metaplasia in response to
irritation [1] or induced pluripotency by forced Yamanaka
factor expression (see Glossary) [2]. Overwhelmingly,
however, cell lineages act as inescapable clades providing
the lineage stability on which multicellular organisms
depend. Recent elucidation of the stem and progenitor cell
hierarchies that establish these clades have provided a new
view of carcinogenesis. The phenotypic differences that have
long been observed in cancers from the same organ are now
being attributed to different cells of origin within the stem
and progenitor hierarchy. Fragments of normal develop-
mental mechanisms may persist within tumors or may be
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hijacked by oncogenic lesions. Cancer cells also become
adept at transdifferentiation between epithelial and mes-
enchymal phenotypes [3]. This fusion of developmental
biology with carcinogenesis offers not only a better under-
standing of cancer but also new biomarkers to guide
treatment decisions and new therapeutic strategies. This
review focuses on the role of the ETS transcription factor
Elf5 in cell fate decision making.

Elf5 structure and function
E74-like factor 5 (Elf5, Entrez Gene 2001, Ensembl
ENSG00000135374, UniProtKB Q9UKW6) is an epithelial
specific member of the ETS transcription factor family. It is
transition and apocrine metaplasia are examples observed in cells from the

breast.
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Box 1. Elf5 directs lung morphogenesis; emergence of a

putative role for Elf5 in mediating fibroblast growth factor

regulated processes

The fibroblast growth factor (FGF) signaling pathway consists of

four receptor genes that are alternatively spliced to produce at least

seven distinct receptors. Multiple ligands exist that can be divided

into families based on their homology and each family has a specific

pattern of receptor specificity [64]. All four FGF receptor genes are

expressed in the lung.

Deletion of Fgfr3 or Fgfr4, results in postnatal lung alveologenesis

defects [65], whereas deletion of Fgfr2b or Fgf10 results in failed lung

development during embryogenesis [66]. Blockade of pan fibroblast

growth factor signaling with the chemical inhibitor SU5402 in cultures

of embryonic lung inhibited branching morphogenesis. In addition,

microarray profiling identified that Elf5 mRNA is downregulated

under these conditions, whereas treatment with the hormones Fgf7

and Fgf10 strongly up-regulated Elf5 expression [67]. Fgf10 is

produced by the lung mesenchyme and signals via Fgfr2b, to elicit

branching morphogenesis of the epithelial pulmonary tree.

Elf5 regulates the expression of keratin 18 in pulmonary cells [68]. It

has been observed that when Elf5 is expressed in lung epithelium

during early development, branching is disrupted, cell proliferation

is reduced and distal differentiation is inhibited, resulting in the

formation of a dilated epithelium. Forced expression of the protein at

later stages of development is without effect [69], leading to the

conclusion that forced Elf5 expression prevents the normal spatial

changes in native Elf5 expression, including the loss of its distal

expression that is observed late in development, with consequential

persistence of distal epithelial progenitor cells and failed cell differ-

entiation, which in turn produces the previously mentioned defects.

Given the interaction of Fgfs with Elf5 in the embryo it is likely that

Elf5 is generally involved in the interpretation of Fgf signaling [23].
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located on human 11p13-15, a region subject to loss of
heterozygosity (LOH) in cancer [4]. It contains two recog-
nizable domains, a motif that interacts with a core TTCC
DNA motif [5] carried by all ETS transcription factors and
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Figure 1. The role of Elf5 in determination of the trophectoderm. (a) shows the norma

gastrulation at E7.5 days. (b) shows the aberrant development observed in Elf5�/� embr

structures of the early embryo. Trophectoderm stem cells (TS) can be derived from 

embryonic stem cells (ES) can be derived from blastocysts of both genotypes.
a pointed domain which is involved in protein–protein
interactions. Elf5 is also known as ESE2 in humans where
two isoforms exist (ESE2a and ESE2b) due to alternate
transcriptional start sites localized in different exon 1s.
Each isoform also shows alternative splicing of 1 or 2 exons
to remove the pointed domain. Whether this transcript
variety is due to rare transcriptional outputs or function-
ally relevant diversity remains to be elucidated. Elf5 is
expressed during embryogenesis at several embryonic and
neonatal sites including the hair follicle [6], epithelial
exocrine glands [7], kidney [8], keratinocytes [9–11] pros-
tate [12], lung (Box 1) and the mammary gland.

The first cell fate decision
Fertilization initiates rapid cell division to produce outside
and inside cells contained within the zona pellucida of the
early blastocyst (Figure 1a). Additional hypothesized polar-
izing influences include the ellipsoidal (not spherical) shape
of the zona pellucida, the association of the second polar
body with the inner cell mass and the nonsymmetrical
division pattern of the first blastomeres, leading to the
differential inheritance of cell surfaces that have experi-
enced different extracellular contacts [13–15]. These polar-
izing processes initiate the first cell fate decision, which
distinguishes the trophectoderm from the inner cell mass of
the blastocyst, 4 days after fertilization (Figure 1a), to
produce the separate developmental paths of the fetus
and placenta. Specification of the trophectoderm becomes
apparent from the 16 cell stage and although spatial orga-
nization is achieved by the early blastocyst stage, trophec-
toderm cell fate is not determined until the late blastocyst
stage, when trophoblast cells can no longer become inner cell
mass cells [16].
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l embryonic development from the 16+ cell stage at embryonic day 3 (E3) to late
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Elf5 determines trophectoderm cell fate
Knockout of Elf5 in the mouse produces embryonic lethali-
ty [17,18]. Mendelian ratios diverge from normal at em-
bryonic day 8.5 (E8.5), but developmental defects are seen
from as early as E5 (Figure 1b). Elf5 knockout embryos are
also smaller than wild type from E5 onward and do not
show the extraembryonic–embryonic ectoderm constric-
tion [17]. Staining for the homeobox protein Cdx2, a tran-
scription factor that marks the extra embryonic ectoderm,
can be observed in the trophectoderm of Elf5 knockout
blastocysts at E4.5, but is lost in later stage embryos [17].
Staining for other markers of the extraembryonic ecto-
derm, such as Eomes (a transcriptional activator with a
crucial role during development), fibroblast growth factor
receptor 2 (Fgfr2), bone morphogenetic protein 4 (Bmp4),
the enzymes furin and subtilisin-like proprotein conver-
tase PACE4 (Spc4) is absent, indicating that the extraem-
bryonic ectoderm does not form from the trophectoderm
[17]. By contrast, the ectoplacental cone does form from the
trophectoderm, as do the giant trophoblast cells at the
exterior of the distal and anterior visceral endoderm
(Figure 1b). Mesoderm does not form and gastrulation does
not commence at E6.5 [17]. Half of the Elf5�/� embryos
show late formation of mesoderm, but it is located beneath
the ectoplacental cone, rather than invading the region
between endoderm and ectoderm [17]. A chorion is never
observed and consequently the Elf5 embryos die from
nutrient restriction from E8 [17].

Totipotency of the cells of the inner cell mass depends on
de novo expression of the transcription factors octamer-
binding transcription factor 4 (Oct4), the homeobox protein
Nanog, Sal-like protein 4 (Sall4) and SRY (sex determining
region Y)-box 2 (Sox2) (Figure 2). These factors form a self
reinforcing transcriptional circuit specifying totipotency
[16], but it can be overcome. Forced expression of Cdx2
and Eomes, together with culture in fibroblast growth
factor containing trophectoderm stem (TS) media, causes
the embryonic stem (ES) cells to become more restricted TS
cells, despite the continued expression of the totipotency
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Figure 2. The transcriptional network that determines embryonic cell fate. Cell fate

decisions made within the early blastocyst may be initiated by spatial cues

delivered via the Hippo pathway to the inner cells (light blue in Figure 1) This signal

reinforces expression of Oct3/4 and Nanog by suppression of Cdx2/Elf5, and sends

a paracrine signal via secretion of Fgfs that reinforces the opposite actions in the

outer cells. By this mechanism the fates of these cells diverge to produce the

embryo and placenta. Black type and arrows show active pathways. Grey arrows

and type show inactive or absent pathways.
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genes [19]. Cdx2 is under the positive control of Fgf4 (via
the Fgfr2 receptor and paracrine signaling) [16] and the
Hippo pathway. The Hippo pathway senses external spa-
tial cues and responds via the Lats protein kinase [13],
which phosphorylates Yes associated protein (Yap), pre-
venting its association with Tead4 and induction of Cdx2
(Figure 2). From the 16-cell stage these pathways drive
Cdx2 and Eomes expression, especially in the most outer
cells, conferring trophectoderm specification. Although the
Hippo pathway acts to sense external positional cues, Fgf4
is secreted by the ES cells of the epiblast and signals via the
Fgfr2 receptor on TS cells, activating the Src/Ras/Erk
pathway to maintain Cdx2 expression and to prevent
apoptosis via the pro-apoptotic protein Bim (Figure 2) [20].

ES cells but not TS cells can be isolated from Elf5
knockout embryos, indicating that Elf5 is essential for
the expansion of the trophoblast lineage [17]. ES cells
isolated from mice that have been made methylation defi-
cient by the deletion of DNA methyltransferases, are un-
able to maintain their pluripotent identity when they are
cultured in fibroblast growth factor containing TS medium
and differentiate to become trophoblast derivatives [21]. A
genome wide screen using immunoprecipitation of meth-
ylated DNA and searching for genes with promoters that
showed methylation in ES, as compared to TS cells, iden-
tified Elf5 as a gene with promoter methylation in ES cells
[21].

Indeed, in the mouse, methylation and consequential
silencing of the Elf5 promoter, or knockout of Elf5, makes
determination of TS cell fate impossible, since Elf5 is not
available to participate in a positive feedback loop with
Cdx2 (Figure 2). As a result, the cells of the trophectoderm
that are specified and are formed at the early blastocyst
stage cannot be determined and so following implantation
they differentiate [21,22] to form the ectoplacental cone
and giant trophoblast cells, with the result that no extra-
embryonic ectoderm forms [17]. However, the role of meth-
ylation of the Elf5 promoter in fixing this positive feedback
loop was challenged by the observation that deletion of the
methylated regions 1 and 2 of the Elf5 promoter has no
effect on Elf5 expression in trophectoderm [23]. Instead
trophectoderm-specific enhancer regions were defined and
it was hypothesized that they primarily drive Elf5 expres-
sion [23]. This deletion, however, did not remove methyl-
ated regions 3 and 4 of the Elf5 promoter, regions that show
altered patterns of methylation that are correlated with
Elf5 expression in the mammary gland [24]. A more defini-
tive analysis of the methylation status of the Elf5 promoter
in ES and TS cell, and a more complete deletion mutagen-
esis of the Elf5 promoter, are required to answer this
question.

The extent to which Elf5 operates to specify trophecto-
derm has also been examined in humans, cattle and pigs. In
cattle, Elf5 is localized to the epiblast not the trophectoderm
of blastocysts [23], but in pigs Elf5 is expressed only by the
trophectoderm [25]. Like all ungulates, neither species
forms an extraembryonic ectoderm [23]. Homologous
sequences to the mouse enhancers [23] are not present in
the bovine Elf5 promoter and no activity of the bovine Elf5
promoter is seen within the mouse trophectoderm [23]. Thus
the mouse has evolved trophoblastic-specific enhancers
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within the Elf5 gene, associated with the evolutionary de-
velopment of the extraembryonic ectoderm [23]. In humans
the situation resembles that of the mouse. Elf5 is hypo-
methylated and expressed in the cytotrophoblasts of the
placenta and it establishes a similar regulatory network
with Cdx2 and Eomes [26]. A putative TS cell population
expresses both Elf5 and Cdx2 [26]. The Elf5 promoter is
hypermethylated in ES cells and this is correlated with
absence of Elf5 expression in ES cells and ES cell deriva-
tives, which in humans can contribute to cells within the
trophoblast lineage [26].

The hormonal control of mammary gland development
Five pairs of mammary placodes form at E11 in the mouse
[27]. Under the control of fibroblast growth factors and other
growth factors [28], around E15, the mammary primordium
penetrates the mesenchyme to invade the underlying pri-
mordial mammary fat pad [27]. During subsequent gesta-
tional development, the multipotent mammary stem cell
gives rise to the myoepithelial stem cell and the epithelial
stem cell, providing the origin of the two major cell types
of the postnatal gland. It appears at present that the
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but ceases to provide a cell flux for further development,
except in exceptional circumstances such as during wound
recovery or following mammary epithelial transplantation
[29]. At puberty, while under the influence of estrogen action
on the epithelial cell estrogen receptor (ER) [30,31] and
growth hormone action [32], the primordial duct forms a
terminal end bud that invades and bifurcates throughout
the mammary fat pad to produce a branched ductal struc-
ture. Ductal cellular architecture (Figure 3a) comprises a
hollow lumen formed by a single layer of epithelial cells
which are sheathed by a dense basement membrane con-
taining myoepithelial cells along the inner surface and
fibroblasts scattered along the outer surface, which inter-
faces with the adipocytes of the mammary fat pad.

Following puberty, progesterone acts via the epithelial
progesterone receptor (PR) and at the head of a paracrine
network to induce stem cell division [33–35] and the
sprouting of further branches from the ductal tree, which
together with prolactin causes the formation of small
alveolar structures at the ductal termini [36–38]. The
increase in these hormonal signals during pregnancy
ER+
PR+
Prlr+

Prlr+?
Elf5

RankL, Wnt

Secretory cell

Pregnancy

E Pg Prl

Elf5

eus

us

nucleus

lial nucleus

 membrane

PR+ alveolar cell

 nucleus

cytoplasm

(b)

(d)

TRENDS in Endocrinology & Metabolism 

 major events: (a) the formation of ducts during puberty and (b) the formation of

n relative to progesterone receptor (PR) expression is shown at both developmental

ell hierarchy illustrated in (c) and (d). Hormonal signaling received by the hormone

hanisms (broken arrows), to initiate rounds of stem and progenitor cell divisions

etition between sex-steroid hormone receptors and Elf5, so that during pregnancy,

ther paracrine mediators differentiate in response to Elf5, to establish the secretory

d Elf5 for this cell fate decision may also influence the subtype of breast cancer

ss prolactin receptors to allow milk protein synthesis in response to prolactin.

295



Review Trends in Endocrinology and Metabolism June 2012, Vol. 23, No. 6
forces further branching and massive elaboration of the
alveolar structures to produce the milk secreting lobuloal-
veolar units that occupy the entire mammary fat pad at
term (Figure 3b). These comprise spherically arranged
epithelial cells forming an alveolus with a lumen that
drains to the ductal network and sheathed by a basement
membrane. Sparse myoepithelial cells form a net-like
structure around the alveoli. The loss of progesterone
and the increase in prolactin during the immediate post-
partum period initiates lactation. Following weaning and
consequential loss of prolactin secretion, the gland invo-
lutes and returns to a developmental state that is very
similar to the nulliparous gland. A fourth developmental
stage can occur and this is the onset of hyperplastic lesions.
The lesions can become cancer contained within the ducts
and then progress to become locally invasive and meta-
static disease. The hormones estrogen, prolactin and pro-
gesterone are also implicated in the carcinogenic process
[34,39,40].

Prolactin regulates Elf5 action in mammary gland
development
Elf5 is a prolactin regulated gene in the mammary gland.
In prolactin receptor null mammary gland, Elf5 expression
is much reduced, but prolactin receptor expression is un-
altered in Elf5 knockout mammary gland, indicating that
Elf5 is regulated by prolactin and the prolactin receptor
[18,41,42]. In Scp2 mammary epithelial cells, Elf5 expres-
sion rises in response to prolactin treatment [41] and forced
reexpression of Elf5 can rescue the failure of lobuloalveolar
development that is observed in the prolactin receptor null
mammary gland [41]. Choi and colleagues demonstrated
that Elf5 null mammary glands have reduced Stat5 ex-
pression and phosphorylation [42]. This result implies that
Elf5 acts upstream of Stat5 signaling and accordingly, Elf5
was shown to bind to the Stat5 promoter [42]. The signal-
ing mechanisms by which prolactin activates Elf5 expres-
sion, however, remain to be determined.

It is possible that other hormones, especially those
which cooperate with prolactin, may also regulate Elf5
action in the mammary gland. Recent reports have identi-
fied Elf5 as an insulin regulated gene in bovine and murine
mammary gland explants [43,44] and progesterone has
been shown to induce Elf5 expression in T47D cells, where
Elf5 modulates the anti-proliferative effects of progester-
one, in a feedback loop [45]. Mammary glands carrying null
mutations for prolactin receptor, PR or Elf5 exhibit nearly
identical defects of failed lobuloalveolar development. This
similarity suggests that these hormones comprise a regu-
latory network pivotal to mammary development. Inter-
actions between prolactin and progesterone have been
described at the level of crossregulation of their receptors
[46]. There is significant overlap in the transcriptional
targets of progesterone and prolactin, as assessed by micro-
array analysis [47]. However, the molecular mechanisms
that integrate prolactin and progesterone signaling path-
ways remain to be identified.

Elf5 in mammary development
In virgin mice Elf5 is expressed in the nucleus of approxi-
mately half of the luminal epithelial cells of the mammary
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gland and predominantly those of columnar appearance
(Figure 3a) [24]. This pattern is mutually exclusive with
ER [48], which is observed almost exclusively in round cells
(Figure 3a). Elf5 transcription is silenced in the myoepithe-
lial population [41], due to methylation of its promoter [24].
Elf5 expression in the mammary gland increases dramati-
cally during pregnancy and is now seen in predominantly
round cell nuclei of the newly formed alveoli (Figure 3b),
whereas ER/PR positive cells become rare with generally
just one or two per alveolus. Elf5 expression remains high
during lactation and returns to baseline levels after invo-
lution [18,41].

Forced Elf5 expression in virgin mice, using an induc-
ible mammary-specific transgene [48], results in alveolar-
genesis at ductal termini, similar to those illustrated in
Figure 3b, although the extensive elaboration of these
structures seen in pregnancy is not observed. Importantly,
milk protein production is observed in the Elf5-induced
alveoli, demonstrating functional differentiation. Induc-
tion of Elf5 expression in mid-pregnant mice also caused
increased milk protein production [48]. The ability of Elf5
to induce milk protein expression in virgin mice is consis-
tent with the observation that Elf5 binds directly to sites in
the whey acidic protein (WAP) promoter and induces WAP
expression in mammary cells [49]. Elf5 must also induce
cell differentiation because expression of non-Elf5 target
genes such as the caseins are also increased [48].

The effects of loss of Elf5 have been studied in hetero-
zygous [18] and homozygous Elf5 knockout mice [48,50]
and a mammary specific Elf5 knockout mouse has also
been generated [42]. These studies collectively demon-
strate that loss of Elf5 has no effect on ductal elongation
during pubertal mammary development, but causes im-
pairment of lobuloalveolargenesis during pregnancy. Elf5-
deficient mammary glands display failed alveolar morpho-
genesis [48], which is characterized by the absence of
mature lobuloalveolar structures, the inability to express
milk proteins and nurse young [42], a sustained expression
of ER and PR, a decrease in cellular proliferation [48] and
other characteristics of virgin epithelium [42]. As evi-
denced from transplantation studies, these effects of
Elf5 loss are epithelial cell autonomous [18,48].

Elf5, Stat5 and mammary stem and progenitor cells
Elf5 is not expressed in the stem cell enriched population of
normal mammary glands, but is expressed in the luminal
progenitor population [51] and in mature luminal cells
(Figure 3c) [48]. In virgin Elf5 null mammary glands, there
is no difference in the number or self-renewing potential of
mammary stem cells, nor is there any change in the propor-
tion of luminal progenitor cells [48]. During pregnancy,
however, luminal progenitor cells accumulate in Elf5 null
transplants and in Elf5+/�mammary glands, indicating that
Elf5 is required for the differentiation of these cells. Consis-
tent with this hypothesis, forced expression of Elf5 in virgin
mice results in erosion of the luminal progenitor population
which is accompanied by a decrease in the colony forming
ability of these cells [48]. Notably Elf5 shows high expres-
sion in the luminal progenitor population [52,53]. Together
these data indicate that Elf5 regulates the number and
activity of luminal progenitor cells in the mammary gland
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(Figure 3c). During pregnancy Elf5 transcriptional activity
in the luminal progenitor population forces a cell fate deci-
sion that directs the cellular flux generated by divisions of
the stem cell population toward the secretory lineage
(Figure 3d). Stem cell division is initiated by progesterone
and prolactin via a paracrine Rankl and other signals, and
this mechanism also plays a role in hormonal carcinogenesis
[34].

The position of Elf5 within the mammary cell hierarchy
has been further defined by the study of Stat5 deficient
mammary glands [51]. Despite having a similar morphol-
ogy to Elf5 null mammary glands (normal development
during puberty and failed alveolargenesis during preg-
nancy), Stat5 deficient mammary glands are not charac-
terized by an accumulation of luminal progenitor cells
during pregnancy. Rather, these glands display reduced
proportions of luminal progenitor cells in virgin animals,
suggesting that Stat5a is important for the generation of
alveolar progenitor cells from stem cells. Consistent with
this idea, Stat5a (unlike Elf5) is expressed in the mam-
mary epithelial stem cell population and expression of
Elf5 in the luminal progenitor population is dependent
upon Stat5. Alone these results place Elf5 downstream of
Stat5 in the mammary cell hierarchy, but as discussed
above, Elf5 occupies the Stat5 promoter [42], which indi-
cates the presence of a more complex genetic regulatory
network underlying the control of cellular flux through
the progenitor cell hierarchy by Elf5 and Stat5 [54].
Elucidation of this regulatory network will require fur-
ther investigation.

Concluding remarks
A common and striking consequence of experimental mod-
ulation of Elf5 expression in the blastocyst, lung and
mammary gland is aberrant cell fate decision making.
In the blastocyst, lung and possibly the mammary primor-
dia, these decisions are regulated to a large extent by
fibroblast growth factors, suggesting that Elf5 may be
required to interpret signals via the Fgf receptor signaling
pathway [23]. Additional epigenetic mechanisms restrict
Elf5 expression to the trophoblast lineage in the embryo
and the epithelial lineages within the mammary gland,
and presumably throughout the organism. In the mature
mammary gland, Elf5 exerts much of the transcriptional
effect of prolactin and progesterone, and by integrating
these signals acts as a master regulator of alveolar devel-
opment [55]. Cell fate decisions control the output of the
stem and progenitor cell hierarchy and are crucial for
tissue homeostasis. In the mammary gland, the stem
and progenitor cell hierarchy has been hypothesized to
explain much of the phenotypic diversity [56] seen in
breast cancer [57]. The intrinsic molecular subtypes
may originate from different stem and progenitor cells,
with the claudin-low group hypothesized to come from a
stem cell precursor [58], the basal subtype from the lumi-
nal progenitor cell [59] and the luminal subtype likely to
also originate from this progenitor (Figure 3c). Since Elf5
is a key modulator of cell fate decisions taken by the
luminal progenitor cell it is highly likely that it plays a
role in the determination of breast cancer phenotype and
subtype. Elf5 and other ETS factors are expressed by
breast cancers [4,60–62]. By extension it is also likely that
similar roles exist for Elf5 in cancers originating in the
other epithelia where it is expressed. Much remains to be
discovered regarding Elf5 action. Its binding partners
remain elusive, but almost certainly exist as this mecha-
nism is well conserved among ETS transcription factors.
Defining the suite of direct transcriptional targets of Elf5
[63] will shed light on the genomic regulatory mechanism
that it commands. Finally, uncovering more of the up-
stream regulators of Elf5 expression, both transcriptional
and epigenetic, will link Elf5 to other developmental
mechanisms and together with the preceding missing
pieces of this puzzle offer an understanding of Elf5
action, which may be of great therapeutic use in breast
and other cancers.

Acknowledgments
Work in this laboratory was funded by The National Health and Medical
Research Council of Australia, New South Wales Cancer Council, Cancer
Institute New South Wales, Banque Nationale de Paris Paribas Australia
and New Zealand, R.T. Hall Trust, Australian Cancer Research
Foundation and the National Breast Cancer Foundation.

References
1 Reid, B.J. et al. (2010) Barrett’s oesophagus and oesophageal

adenocarcinoma: time for a new synthesis. Nat. Rev. Cancer 10, 87–101
2 Takahashi, K. and Yamanaka, S. (2006) Induction of pluripotent stem

cells from mouse embryonic and adult fibroblast cultures by defined
factors. Cell 126, 663–676

3 Klymkowsky, M.W. and Savagner, P. (2009) Epithelial–mesenchymal
transition: a cancer researcher’s conceptual friend and foe. Am. J.
Pathol. 174, 1588–1593

4 Zhou, J. et al. (1998) A novel transcription factor, ELF5, belongs to the
ELF subfamily of ETS genes and maps to human chromosome 11p13-
15, a region subject to LOH and rearrangement in human carcinoma
cell lines. Oncogene 17, 2719–2732

5 Choi, Y.S. and Sinha, S. (2006) Determination of the consensus DNA-
binding sequence and a transcriptional activation domain for ESE-2.
Biochem. J. 398, 497–507

6 Choi, Y.S. et al. (2008) Generation and analysis of Elf5–LacZ mouse:
unique and dynamic expression of Elf5 (ESE–2) in the inner root
sheath of cycling hair follicles. Histochem. Cell Biol. 129, 85–94

7 Lapinskas, E.J. et al. (2004) A major site of expression of the ets
transcription factor Elf5 is epithelia of exocrine glands. Histochem.
Cell Biol. 122, 521–526

8 Lapinskas, E.J. et al. (2011) The Ets transcription factor ELF5
functions as a tumor suppressor in the kidney. Twin Res. Hum.
Genet. 14, 316–322

9 Oettgen, P. et al. (1999) Characterization of ESE–2, a novel ESE–1–
related Ets transcription factor that is restricted to glandular epithelium
and differentiated keratinocytes. J. Biol. Chem. 274, 29439–29452

10 Parikh, N. et al. (2008) Isolation and characterization of an
immortalized oral keratinocyte cell line of mouse origin. Arch. Oral
Biol. 53, 1091–1100

11 Tummala, R. and Sinha, S. (2006) Differentiation-specific
transcriptional regulation of the ESE–2 gene by a novel keratinocyte-
restricted factor. J. Cell. Biochem. 97, 766–781

12 Xie, B.X. et al. (2011) Analysis of differentially expressed genes in
LNCaP prostate cancer progression model. J. Androl. 32, 170–182

13 Nishioka, N. et al. (2009) The Hippo signaling pathway components
Lats and Yap pattern Tead4 activity to distinguish mouse
trophectoderm from inner cell mass. Dev. Cell 16, 398–410

14 Rossant, J. and Tam, P.P. (2009) Blastocyst lineage formation, early
embryonic asymmetries and axis patterning in the mouse.
Development 136, 701–713

15 Sasaki, H. (2010) Mechanisms of trophectoderm fate specification in
preimplantation mouse development. Dev. Growth Differ. 52, 263–273

16 Roper, S. and Hemberger, M. (2009) Defining pathways that enforce
cell lineage specification in early development and stem cells. Cell
Cycle 8, 1515–1525
297



Review Trends in Endocrinology and Metabolism June 2012, Vol. 23, No. 6
17 Donnison, M. et al. (2005) Loss of the extraembryonic ectoderm in Elf5
mutants leads to defects in embryonic patterning. Development 132,
2299–2308

18 Zhou, J. et al. (2005) Elf5 is essential for early embryogenesis and
mammary gland development during pregnancy and lactation. EMBO
J. 24, 635–644

19 Niwa, H. et al. (2005) Interaction between Oct3/4 and Cdx2 determines
trophectoderm differentiation. Cell 123, 917–929

20 Gasperowicz, M. and Natale, D.R. (2011) Establishing three blastocyst
lineages – then what? Biol. Reprod. 84, 621–630

21 Ng, R.K. et al. (2008) Epigenetic restriction of embryonic cell lineage
fate by methylation of Elf5. Nat. Cell Biol. 10, 1280–1290

22 Hemberger, M. et al. (2009) Epigenetic dynamics of stem cells and cell
lineage commitment: digging Waddington’s canal. Nat. Rev. Mol. Cell
Biol. 10, 526–537

23 Pearton, D.J. et al. (2011) Elf5 regulation in the Trophectoderm. Dev.
Biol. 360, 343–350

24 Lee, H.J. et al. (2011) Lineage specific methylation of the Elf5 promoter
in mammary epithelial cells. Stem Cells 29, 1611–1619

25 Gao, Y. et al. (2011) Epigenetic regulation of gene expression in porcine
epiblast, hypoblast, trophectoderm and epiblast-derived neural
progenitor cells. Epigenetics 6, 1149–1161

26 Hemberger, M. et al. (2010) ELF5-enforced transcriptional networks
define an epigenetically regulated trophoblast stem cell compartment
in the human placenta. Hum. Mol. Genet. 19, 2456–2467

27 Robinson, G.W. (2007) Cooperation of signalling pathways in
embryonic mammary gland development. Nat. Rev. Genet. 8, 963–972

28 Howard, B. and Ashworth, A. (2006) Signalling pathways implicated in
early mammary gland morphogenesis and breast cancer. PLoS Genet.
2, e112

29 Van Keymeulen, A. et al. (2011) Distinct stem cells contribute to
mammary gland development and maintenance. Nature 479, 189–193

30 Mallepell, S. et al. (2006) Paracrine signaling through the epithelial
estrogen receptor alpha is required for proliferation and morphogenesis
in the mammary gland. Proc. Natl. Acad. Sci. U.S.A. 103, 2196–2201

31 Feng, Y. et al. (2007) Estrogen receptor-alpha expression in the
mammary epithelium is required for ductal and alveolar
morphogenesis in mice. Proc. Natl. Acad. Sci. U.S.A. 104, 14718–14723

32 Kelly, P.A. et al. (2002) The role of prolactin and growth hormone in
mammary gland development. Mol. Cell. Endocrinol. 197, 127–131

33 Asselin–Labat, M.L. et al. (2010) Control of mammary stem cell
function by steroid hormone signalling. Nature 465, 798–802

34 Schramek, D. et al. (2010) Osteoclast differentiation factor RANKL
controls development of progestin-driven mammary cancer. Nature
468, 98–102

35 Joshi, P.A. et al. (2010) Progesterone induces adult mammary stem cell
expansion. Nature 465, 803–807

36 Atwood, C.S. et al. (2000) Progesterone induces side-branching of the
ductal epithelium in the mammary glands of peripubertal mice. J.
Endocrinol. 167, 39–52

37 Ormandy, C.J. et al. (1997) Null mutation of the prolactin receptor gene
produces multiple reproductive defects in the mouse. Genes Dev. 11,
167–178

38 Brisken, C. et al. (1998) A paracrine role for the epithelial progesterone
receptor in mammary gland development. Proc. Natl. Acad. Sci. U.S.A.
95, 5076–5081

39 Clevenger, C.V. et al. (2003) The role of prolactin in mammary
carcinoma. Endocr. Rev. 24, 1–27

40 Yager, J.D. and Davidson, N.E. (2006) Estrogen carcinogenesis in
breast cancer. N. Engl. J. Med. 354, 270–282

41 Harris, J. et al. (2006) Socs2 and Elf5 mediate prolactin-induced
mammary gland development. Mol. Endocrinol. 20, 1177–1187

42 Choi, Y.S. et al. (2009) Elf5 conditional knockout mice reveal its role as
a master regulator in mammary alveolar development: failure of Stat5
activation and functional differentiation in the absence of Elf5. Dev.
Biol. 329, 227–241

43 Menzies, K.K. et al. (2010) Insulin, a key regulator of hormone
responsive milk protein synthesis during lactogenesis in murine
mammary explants. Funct. Integr. Genomics 10, 87–95

44 Menzies, K.K. et al. (2009) Insulin regulates milk protein synthesis at
multiple levels in the bovine mammary gland. Funct. Integr. Genomics
9, 197–217
298
45 Hilton, H.N. et al. (2010) The antiproliferative effects of progestins in
T47D breast cancer cells are tempered by progestin induction of the
ETS transcription factor Elf5. Mol. Endocrinol. 24, 1380–1392

46 Ormandy, C.J. et al. (1997) Coexpression and cross-regulation of the
prolactin receptor and sex steroid hormone receptors in breast cancer.
J. Clin. Endocrinol. Metab. 82, 3692–3699

47 Fernandez-Valdivia, R. et al. (2008) Transcriptional response of the
murine mammary gland to acute progesterone exposure.
Endocrinology 149, 6236–6250

48 Oakes, S.R. et al. (2008) The Ets transcription factor Elf5 specifies
mammary alveolar cell fate. Genes Dev. 22, 581–586

49 Thomas, R.S. et al. (2000) The Elf group of Ets-related transcription
factors. ELF3 and ELF5. Adv. Exp. Med. Biol. 480, 123–128

50 Rogers, R.L. et al. (2010) Transcript profiling of Elf5+/S mammary
glands during pregnancy identifies novel targets of Elf5. PLoS ONE 5,
e13150

51 Yamaji, D. et al. (2009) Development of mammary luminal progenitor
cells is controlled by the transcription factor STAT5A. Genes Dev. 23,
2382–2387

52 Kendrick, H. et al. (2008) Transcriptome analysis of mammary
epithelial subpopulations identifies novel determinants of lineage
commitment and cell fate. BMC Genomics 9, 591

53 Lim, E. et al. (2010) Transcriptome analyses of mouse and human
mammary cell subpopulations reveal multiple conserved genes and
pathways. Breast Cancer Res. 12, R21

54 Furth, P.A. et al. (2011) Signal transducer and activator of
transcription 5 as a key signaling pathway in normal mammary
gland developmental biology and breast cancer. Breast Cancer Res.
13, 220

55 Oakes, S.R. et al. (2006) The alveolar switch: coordinating the
proliferative cues and cell fate decisions that drive the formation of
lobuloalveoli from ductal epithelium. Breast Cancer Res. 8, 207

56 Perou, C.M. et al. (2010) Clinical implementation of the intrinsic
subtypes of breast cancer. Lancet Oncol. 11, 718–719 author reply
720–711

57 Visvader, J.E. (2009) Keeping abreast of the mammary epithelial
hierarchy and breast tumorigenesis. Genes Dev. 23, 2563–2577

58 Prat, A. et al. (2010) Phenotypic and molecular characterization of the
claudin-low intrinsic subtype of breast cancer. Breast Cancer Res. 12,
R68

59 Lim, E. et al. (2009) Aberrant luminal progenitors as the candidate
target population for basal tumor development in BRCA1 mutation
carriers. Nat. Med. 15, 907–913

60 Feldman, R.J. et al. (2003) The epithelial-specific Ets factors occupy a
unique position in defining epithelial proliferation, differentiation and
carcinogenesis. Anticancer Res. 23, 2125–2131

61 Galang, C.K. et al. (2004) Changes in the expression of many Ets family
transcription factors and of potential target genes in normal mammary
tissue and tumors. J. Biol. Chem. 279, 11281–11292

62 He, J. et al. (2007) Profile of Ets gene expression in human breast
carcinoma. Cancer Biol. Ther. 6, 76–82

63 Escamilla-Hernandez, R. et al. (2010) Genome-wide search identifies
Ccnd2 as a direct transcriptional target of Elf5 in mouse mammary
gland. BMC Mol. Biol. 11, 68

64 Beenken, A. and Mohammadi, M. (2009) The FGF family: biology,
pathophysiology and therapy. Nat. Rev. Drug Discov. 8, 235–253

65 Weinstein, M. et al. (1998) FGFR–3 and FGFR–4 function
cooperatively to direct alveogenesis in the murine lung. Development
125, 3615–3623

66 Ohuchi, H. et al. (2000) FGF10 acts as a major ligand for FGF receptor 2
IIIb in mouse multi-organ development. Biochem. Biophys. Res.
Commun. 277, 643–649

67 Metzger, D.E. et al. (2007) Elf5 is an epithelium-specific, fibroblast
growth factor-sensitive transcription factor in the embryonic lung. Dev.
Dyn. 236, 1175–1192

68 Yaniw, D. and Hu, J. (2005) Epithelium-specific ets transcription factor
2 upregulates cytokeratin 18 expression in pulmonary epithelial cells
through an interaction with cytokeratin 18 intron 1. Cell Res. 15, 423–
429

69 Metzger, D.E. et al. (2008) Misexpression of ELF5 disrupts lung
branching and inhibits epithelial differentiation. Dev. Biol. 320,
149–160


	Elf5, hormones and cell fate
	Cell hierarchies and the genesis of diversity in cancer phenotypes
	Elf5 structure and function
	The first cell fate decision
	Elf5 determines trophectoderm cell fate
	The hormonal control of mammary gland development
	Prolactin regulates Elf5 action in mammary gland development
	Elf5 in mammary development
	Elf5, Stat5 and mammary stem and progenitor cells
	Concluding remarks
	Acknowledgments
	References


