
The mammary gland produces and delivers milk from 
mother to newborn. The only organ after which an entire 
class of animals has been named, the gland is credited 
for the evolutionary success of mammals, primarily 
owing to milk’s nutritional and antimicrobial content1. 
Lactation, the synthesis and secretion of milk, is made 
possible by the architecture of the gland. Like other 
organs used for fluid transport, the mammary epithe­
lium develops into an elaborate network of branched 
ducts that maximize surface area within a constrained 
volume. The mature mammary duct consists of an outer 
layer of myoepithelial cells and an inner layer of luminal 
epithelial cells that surround a hollow lumen and differ­
entiate into milk-producing alveoli; release of milk 
through the duct occurs upon hormone-triggered con­
traction of the myoepithelium2. The epithelial ductal tree 
is enveloped by a basement membrane3 and embedded 
within a complex stroma, the mammary fat pad, which 
contains fibroblasts, adipocytes, blood vessels, nerves 
and various immune cells, all of which are important for 
normal mammary development and function4.

Mammary development occurs in three distinct and 
differentially regulated stages: embryonic, pubertal  
and adult (FIG. 1). In mice, embryonic mammary devel­
opment begins mid-gestation with the formation of five 
pairs of placodes in the epithelial layer that invaginate 
into the underlying mesenchyme to form the mammary 
buds, or anlagen5,6. The mammary bud then prolifer­
ates and extends 10–20 sprouts7, thus transforming 
into a rudimentary ductal structure. After birth, the 
rudimentary gland enters a phase of morphogenetic 
quiescence.

Puberty is perhaps the most striking stage of mam­
mary morphogenesis. Prompted by elevated levels of 
ovarian hormones, including oestrogen, the ends of the 
rudimentary ducts proliferate and swell into distinct 
multilayered epithelial structures known as terminal 
end buds (TEBs)8. These ductal structures then undergo 
successive rounds of elongation, bifurcation and lateral 
branching until reaching the limit of the fat pad, thus 
forming a full epithelial tree9. During pregnancy, the 
luminal epithelium proliferates and differentiates into 
milk-producing secretory alveoli10,11. Massive apoptosis 
then removes up to 80% of the epithelium during post-
lactational involution12–15. Remarkably, the mammary 
gland maintains its ability to perform this dramatic 
remodelling during the pregnancy–lactation–involution 
cycle for several decades in humans.

The study of mammary morphogenesis during the 
past century has implicated a long list of signals in its 
regulation, including hormones, growth factors, receptor 
tyrosine kinases, extracellular matrix (ECM) molecules 
and proteases16. Over the past 5 years, sophisticated 
genetic, real-time imaging, computational and cul­
ture studies along with large-scale gene profiling have 
revealed links among the various signals, cellular behav­
iours and physical phenomena that drive mammary 
development and have unveiled the integrated nature 
of these cues. We now understand that the spatial and 
temporal changes, or ‘morphodynamics’, that occur dur­
ing development of the mammary gland are dictated by 
signalling between several cell types, integrated dynami­
cally over multiple length scales, from cell to tissue, 
organ and organism.
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Adipocytes
Also known as fat cells. 
Adipocytes contain one or 
more lipid droplets and 
comprise the body’s 
adipose tissue.

Placodes
Epithelial thickenings in the 
embryo that give rise to an 
organ.
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Abstract | The mammary gland undergoes a spectacular series of changes as it develops, and 
maintains a remarkable capacity to remodel and regenerate for several decades. Mammary 
morphogenesis has been investigated for over 100 years, motivated by the dairy industry and 
cancer biologists. Over the past decade, the gland has emerged as a major model system in 
its own right for understanding the cell biology of tissue morphogenesis. Multiple signalling 
pathways from several cell types are orchestrated together with mechanical cues and cell 
rearrangements to establish the pattern of the mammary gland. The integrated mechanical 
and molecular pathways that control mammary morphogenesis have implications for the 
developmental regulation of other epithelial organs.
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Chemotactic gradients
Chemical gradients that 
influence the directional 
motion of cells in the process 
of chemotaxis.

Organoids
Multicellular structures that 
resemble organs in architecture 
and function.

Here, we focus on development during puberty, paying 
close attention to the mechanisms that establish the pat­
tern of the mammary epithelial tree. We direct the reader 
to excellent reviews on embryonic and post-pubertal 
development of the mammary gland5,6,17. Some of the ele­
gant mechanisms that drive mammary patterning might 
be conserved across branched epithelia, and others have 
paved the way for new paradigms in the study of morpho­
genesis18–20. We discuss also the roles of mechanosensing 
and collective cell migration in branching and how they 
are integrated together with signalling networks. The 
principles that have emerged should help us to build 
comprehensive models for mammary development in 
particular and organogenesis in general.

Integrated signalling during morphogenesis
Although the process has been difficult to visualize 
in vivo, the transformation of the rudimentary gland 
into the elaborate network of TEBs during puberty 
probably involves a series of coordinated cell divisions, 
rearrangements and shape changes. To understand 
how a functional mammary tree is formed, a better 
understanding is needed of the key events in this pro­
cess. A large number of the signals that direct mam­
mary development overlap with those involved in the 
morphogenesis of other branched epithelia, but several 
features make the mammary gland unique. Whereas 
chemotactic gradients guide extending branches in the 

trachea of Drosophila melanogaster 21,22, the mamma­
lian lung23 and the ureteric bud that gives rise to the 
urinary tract and the kidney24, there exists no evidence 
for chemotaxis as the guidance mechanism for mam­
mary gland branching25,26. Likewise, the large varia­
tion observed between mammary glands precludes 
the possibility for predetermined genetic control 
of its morphogenesis, as is the case with the largely 
stereotyped airways of the embryonic lung27. The 
stochastic form of the gland suggests a dynamic con­
trol, dictated by microenvironmental context. Indeed, 
a context-dependent interplay has been unveiled 
between mechanical factors and molecular signals 
derived from different cell types that induces the cellu­
lar behaviours and matrix remodelling that ultimately 
drive morphogenesis28,29.

Hormone-induced paracrine signalling. A plethora 
of molecular signals cooperate to execute mammary 
morphogenesis through communication between epi­
thelial and stromal cells (FIG. 2). This process is set in 
motion by ovarian and pituitary hormones, includ­
ing oestrogen and growth hormone, which can sig­
nal to both types of cell30. Knocking out oestrogen 
receptor‑α (ERα) leads to hypoplastic development 
of the epithelial tree31,32, whereas exogenous oestro­
gen can rescue pubertal branching in mice that have 
had their ovaries surgically removed (ovariectomized 
mice)33. Transplantation experiments have shown that 
ERα is required in the stroma34, which, in response to 
oestrogen, produces hepatocyte growth factor (HGF)  
to induce epithelial branching35. Oestrogen also binds to 
ERα in the epithelium, thereby inducing the expression 
of amphiregulin (AREG)36–40, and its cleavage from the 
surface by the sheddase ADAM17 (a disintegrin and 
metalloproteinase domain-containing protein 17)39; 
cleaved AREG can signal back to stromal cells by bind­
ing to epidermal growth factor receptor (EGFR) on 
the stromal membrane. EGFR is required in the stro­
mal compartment41, and exogenous addition of EGFR 
ligands can rescue pubertal development of ovariecto­
mized animals36, which is consistent with an essential 
role for EGFR-mediated signalling downstream of 
oestrogen.

Oestrogens, however, are not sufficient, as they fail 
to rescue mammary branching in animals that have had 
their pituitary gland surgically removed42. Branching is 
restored by growth hormone or insulin-like growth fac­
tor 1 (IGF1)42. Transplantation experiments have demon­
strated that growth hormone induces expression of IGF1 
in stromal cells43, which signals to its receptor (IGFR1) in 
the epithelium42. Several other receptor tyrosine kinases 
have profound effects on pubertal mammary develop­
ment, including RON (also known as MSPR)44, ephrin 
type-A receptor 2 (REF. 45) and fibroblast growth fac­
tor receptors (FGFRs). Indeed, FGF2 and FGF7 rescue 
growth and branching of EGFR-null mammary organoids 
in culture39, suggesting that FGFR signalling occurs 
either downstream of, or in parallel to, signalling through 
EGFR. The EGFR family member ERBB2 has also been 
implicated in mammary morphogenesis46,47, although 

Figure 1 | The mammary gland undergoes distinct stages of remodelling during 
development. In the mouse embryo, mammary development begins when five pairs 
of placodes form in the epithelium adjacent to the fat pad precursor. These placodes 
invaginate to form the mammary buds. By embryonic day 18.5 (E18.5), a rudimentary 
gland has formed that remains morphogenetically quiescent until puberty. During 
puberty, hormonal cues trigger the formation of the terminal end buds (inset). Through 
extensive elongation, bifurcation and lateral branching, the full epithelial tree is formed.
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Figure 2 | Multiple integrated signalling networks regulate mammary morphogenesis during puberty. a | Global 
endocrine signals from the ovary30–35,40 and pituitary gland30,42,43 activate a plethora of paracrine signalling pathways 
to initiate mammary morphogenesis. Cellular crosstalk between the epithelial and stromal compartments is mediated 
by growth factors including insulin-like growth factor 1 (IGF1)42,43, hepatocyte growth factor (HGF)35,148 and the 
epidermal growth factor (EGF)36–41 and fibroblast growth factor (FGF)51,52,189 families, which bind to their cognate 
receptors to induce cell proliferation, survival and branching. Classic pathways such as WNT and Hedgehog, which  
are activated by signalling through primary cilia, are also emerging as indispensable regulators of the process62. 
b | Autocrine cues such as transforming growth factor-β (TGFβ) serve as negative regulators of mammary 
morphogenesis directly by stimulating extracellular matrix (ECM) synthesis80 or by activating non-canonical WNT 
signalling76 to inhibit proliferation74 and possibly control cell adhesion and migration76. c | Mammary gland patterning is 
directed in part by matrix metalloproteinases (MMPs), which display spatially localized expression and activity during 
puberty and serve both to control cell migration122 and survival65, and to degrade the ECM65,82. Integrin-dependent ECM 
signalling and mechanical cues are emerging as additional regulators of mammary morphogenesis86,91,92. ADAM17, a 
disintegrin and metalloproteinase domain-containing protein 17; AREG, amphiregulin; EGFR, EGF receptor; 
EPHA2, ephrin type-A receptor 2; ERα, oestrogen receptor-α; FAK, focal adhesion kinase; FGFR, FGF receptor; 
GHR, growth hormone receptor; MAPK, mitogen-activated protein kinase; TGFβRI/II, TGFβ receptor I and II.
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Paracrine signalling
A form of cell signalling in 
which a signal released by 
one cell elicits an effect 
within a nearby cell.

Endocrine signalling
A form of cell signalling in 
which a hormonal signal 
released by an endocrine 
gland elicits an effect 
within a distant cell.

Primary cilia
Long, slender sensory 
organelles that project 
from eukaryotic cells and 
are composed of a 
microtubule-based 
cytoskeleton.

MicroRNA
Small non-coding RNA 
molecules that regulate  
gene expression at the  
post-transcriptional level.

it has no known ligand and its exact role is unclear.  
ERBB2 is required in the epithelium, but paradoxi­
cally the partner proteins that it normally signals with 
through dimerization, ERBB4 or EGFR, are required 
only in the stroma38,39,48. The compartmental localization 
and requirement of AREG, ERBB2, EGFR, IGF1 and 
IGFR1 highlights the crucial importance of integrated 
paracrine signalling between the epithelium and stroma 
during pubertal development.

The importance of timing and location. The involve­
ment of many of these molecules has been recognized 
for nearly two decades. However, it has been difficult to 
uncouple the individual signals and receptors, given how 
many downstream effectors they share. For example, 
EGFR and FGFRs elicit at least part of their effects 
through mitogen-activated protein kinases (MAPKs), 
but seem to yield distinct and even antagonistic pheno­
typic outcomes. The kinetic profile of MAPK activity 
may determine the final morphogenetic response, at 
least in culture; sustained MAPK activation down­
stream of transforming growth factor‑α (TGFα) and 
EGFR induces branching, and transient MAPK activa­
tion downstream of FGF7 and FGFR2 induces prolifera­
tion49. These results suggest that temporal responses may 
be used by the mammary epithelium to integrate and 
interpret distinct signals. It is important to underscore, 
however, that the precise role of MAPKs in mammary 
morphogenesis in vivo is unclear. A combined loss of the 
MAPK inducers AREG, EGF and TGFα severely impairs 
branching morphogenesis in mice but has no discern­
able effect on proliferation, apoptosis or MAPK activa­
tion within the TEBs, which suggests that MAPKs may 
not be sufficient to promote morphogenesis37.

Sophisticated genetic approaches have recently offered 
a glimpse into the local roles of inductive signals, nota­
bly FGFs, during mammary morphogenesis. Embryonic 
mammary development is disrupted in FGFR2‑knockout 
animals, preventing investigation of postnatal effects50. 
Two studies have surpassed this problem by using dif­
ferent approaches to modulate FGFR signalling in mice 
after birth, and they arrived at similar conclusions. In 
one study, mosaic inactivation was used to investigate 
the behaviours of FGFR2‑null and FGFR2‑heterozygous 
epithelial cells within the same gland51. FGFR2‑null cells 
were found to be at a proliferative disadvantage com­
pared with heterozygous cells during pubertal mammary 
morphogenesis and became progressively depleted 
from the TEBs. In the second study, transgenic animals 
were used to inducibly and reversibly attenuate FGFR2 
(REF. 52); impairing FGFR2 after birth decreased the pro­
liferation of luminal epithelial cells and resulted in poorly 
developed glands completely lacking TEBs. The results 
from these studies suggest that FGFR2 regulates pro­
liferation of luminal epithelial cells and that its function 
is more important locally within the TEBs than in the 
subtending ducts. STAT5A also shows a similar spatially 
restricted response to hormone signalling: it is expressed 
in response to oestrogen and progesterone in subtending 
ducts, but not in TEBs53. Mice deficient for STAT5A show 
defects in lateral branching, but not ductal extension or 

TEB bifurcation54. Global paracrine signalling and endo-
crine signalling can thus have varied local effects depending 
on whether the responding epithelial cells are in the TEBs 
or in the ducts.

A possible role for signalling from cilia. The role of other 
classical signalling pathways in pubertal mammary 
branching, including WNT and Hedgehog, is contro­
versial. Some studies have suggested that canonical 
WNT signalling increases branching55,56, whereas others 
have reported the opposite finding57. Components of the 
Hedgehog pathway, such as GLI2 and GLI3, are expressed 
in mammary epithelium during puberty, but transcrip­
tional reporters showed an absence of Hedgehog signal­
ling at this stage in the mammary gland58. WNT and 
Hedgehog signalling are coordinated in part by primary 
cilia59–61, which are present on mammary epithelial cells 
specifically during puberty. Disrupting formation of cilia 
can block ductal extension and branching morphogenesis 
in vivo62. Moreover, blocking the formation of cilia and 
branching in mammary glands causes increased canoni­
cal WNT signalling and decreased Hedgehog signalling, 
which is consistent with these pathways acting as negative 
and positive regulators of pubertal branching, respectively. 
Primary cilia are regulated by FGFs in several epithelial 
tissues63, suggesting the tantalizing possibility of a link 
between such growth factors and WNT and Hedgehog 
signalling during mammary morphogenesis.

Paracrine control by matrix metalloproteinases. In 
addition to growth factor receptors, matrix metallo­
proteinases (MMPs) have emerged as local regulators 
of mammary branching through their role in signal­
ling and in clearing paths in the surrounding ECM29. 
Distinct spatial patterns of MMPs have been detected 
in mammary tissue. MMP14 is elevated in and around 
the TEBs64,65; MMP9 is expressed at homogeneously low 
levels by both the epithelium and the stroma65; MMP3 
(also known as stromelysin 1) is expressed throughout 
the stroma65; and MMP2 (also known as gelatinase A) is 
reduced at sites of lateral branching65. Consistently, tissue 
inhibitor of metalloproteinases 3 (TIMP3), an MMP14 
inhibitor, is also downregulated in and around the TEBs, 
whereas TIMP1, which does not inhibit MMP14, is spe­
cifically upregulated at these sites39. Knockout analyses 
have revealed age-dependent effects of MMPs on mam­
mary development. MMP2‑null mice exhibit delayed 
ductal invasion during early puberty and increased 
lateral branching during late puberty65. MMP3 does 
not affect ductal elongation, but instead induces lateral 
branching during late puberty65. Intriguingly, MMP2 
and MMP3 seem to contribute to branching via different 
mechanisms. MMP2 influences branching by promoting 
cell survival65, whereas MMP3 induces the local degrada­
tion of collagen IV and laminin 111 specifically at sites of 
lateral branching65.

Although MMP9‑null mice have apparently normal 
branching65, this protease may have a redundant inhibi­
tory role in pubertal mammary development66. Glands 
lacking microRNA‑212 and ‑132 show increased expres­
sion and accumulation of MMP9 around the ducts, and 
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Autocrine signalling
A form of cell signalling in 
which a signal released by  
a given cell elicits an effect 
within the same cell.

Morphogen
A chemical signal that forms  
a concentration gradient and 
mediates pattern formation 
during tissue development.

Microfabrication
The process of fabricating 
micrometre-sized structures. 
Used in biomedical research  
to control the size, shape 
and spatial arrangement of 
proteins, cells and tissues.

Mechanical stress
A physical quantity defined  
as force per unit area.

Mechanotransduction
The phenomenon whereby 
cells interpret mechanical 
signals and transform them 
into a biochemical response, 
such as signalling or changes  
in gene expression.

a corresponding decrease in the deposition of collagen 
within the periductal sheath66. Again, transplantation 
experiments have revealed that these microRNAs were 
required in the stroma to influence the epithelium66. 
MMPs thus provide another example, in addition to that 
of growth factors discussed above, of highly integrated 
interactions between the epithelial and stromal com­
partments. Indeed, MMP3 levels increase during mam­
mary epithelial branching upon treatment with S100A4 
(also known as fibroblast-specific protein 1), which is 
expressed by the stroma during puberty67,68. Secreted 
S100A4 cooperates with TGFα to activate MAPKs and 
thereby induce MMP3 expression in epithelial cells in 
culture67, suggesting substantial crosstalk between MMPs 
and growth factors during mammary development.

Tissue geometry and physical signals. Although pat­
tern formation during mammary development may be 
attributed to spatially localized expression and activity 
of key regulators (including MMPs and signalling 
through FGFRs, as discussed above; FIG. 3a), the question 
remains: how do these non-uniformities arise? At the 
start of puberty, the rudimentary mammary epithelium 
already has an asymmetric branched geometry and pat­
terning information may be encoded in the shape of this 
pre-existing non-spherical structure. Tissue geometry 
can instruct morphogenesis by creating spatial gradients 
of chemical and mechanical signals (BOX 1). Indeed, com­
putational models of diffusion of the autocrine signalling 
morphogen TGFβ have shown that its concentration pro­
file is determined by tissue geometry69. In microfabricated 

mammary tissues, branching is inhibited at sites of high 
TGFβ concentration69. Accordingly, TGFβ gradients 
might specify sites of branch initiation and maintain 
proper ductal spacing in vivo, thus generating the char­
acteristic open architecture of the gland70. Indeed, over­
expression of TGFβ1 leads to hypoplastic mammary 
development in vivo71, whereas TGFβ-deficient mice 
exhibit elevated ductal proliferation and accelerated 
lateral branching72–74. Consistent with these findings, 
disrupting TGFβ signalling by ectopic expression of its 
negative regulator SNON leads to enhanced prolifera­
tion and lateral branching during puberty75. Although 
the precise mechanism by which TGFβ inhibits branch­
ing is still unclear, non-canonical WNT5A acts down­
stream of TGFβ in vivo76 and downstream of SMADs 
in culture77, and WNT5A‑null glands phenocopy those 
of TGFβ-deficient animals76. TGFβ and WNT5A may 
influence branching by modulating cell adhesion by acti­
vation of the collagen-binding protein DDR1 (discoidin 
domain receptor 1)78. TGFβ may also affect branching by 
inhibiting cell proliferation74,76,79, enhancing ECM depo­
sition80,81, and modulating MMP expression82. There are 
likely to be multiple feedback loops involved, however, 
as MMPs can also affect TGFβ activation, both directly 
and indirectly. For example, signalling downstream of 
TGFβ was found to be hyperactivated in mammary 
glands defective for microRNA‑212 and ‑132, suggesting 
that the MMP9‑mediated reduction in collagen led to 
enhanced activation or bioavailability of TGFβ66. Closer 
examination of how these signalling events are spatially 
distributed is required to define how the TGFβ gradient 
directs patterning of the mammary tree.

Microfabrication-based culture models combined 
with computational approaches have also shown that 
endogenous mechanical gradients can potentially regu­
late mammary branching. Within epithelial cells, endo­
genous mechanical stress arises owing to contraction of 
the actin cytoskeleton by myosin motors83,84. This endo­
genous mechanical stress is transmitted between adja­
cent cells in epithelial tissues through cadherin-mediated 
adhesions85. The collective contraction of epithelial cells 
and transmission of the resulting stress within tissues of 
non-spherical geometries leads to a local concentration 
of stress and the formation of mechanical gradients. Such 
gradients are present within cultured mammary epithe­
lial tissues and branching morphogenesis initiates only 
from regions of high mechanical stress86. Mammary epi­
thelial tissue senses mechanical stress through integrins 
and focal adhesion kinase (FAK)87,88, a widely recognized 
mechanosensory protein89,90 that is activated specifically 
at branch sites and is important for mechanotransduction86. 
Inhibiting FAK retards ductal elongation91 and leads to 
aberrant branching in culture and in vivo86,92. Mechanical 
stress gradients may thus distinguish future branch sites 
from quiescent ducts.

Several other aspects of mammary epithelial pheno­
type are influenced by the mechanical environment. 
Mammary epithelial cells self-organize into tubules 
when cultured on floating (compliant) collagen gels but 
fail to form tubules on attached (stiff ) gels88. Matrix 
stiffness similarly governs the functional differentiation 

Box 1 | Mechanisms for pattern formation during morphogenesis

Every tissue and organ within a multicellular organism has a characteristic architecture 
and specialized function. Complex tissue forms are generated by patterned cellular 
behaviours including proliferation, apoptosis, shape change and migration, whereas 
their unique functions are accomplished by patterned differentiation. Although the 
downstream events that lead to these changes typically include activation of 
intracellular signalling pathways, the mechanisms that restrict these events in space 
and time are physical by nature.

Morphogen gradients are a textbook mechanism for pattern formation. The localized 
production and subsequent diffusion of a soluble signal154 forms a gradient that can 
transform a spatially uniform cell population into distinct domains, each defined by the 
threshold concentration at which they respond to the signal. A notable example of 
morphogen gradients in development is the anterior–posterior patterning of the 
Drosophila melanogaster embryo by the morphogens Bicoid and Nanos. Importantly, 
the spatially uniform production of a biochemical signal within an asymmetric 
geometry can also give rise to a morphogenetically instructive chemical gradient; for 
example, this is observed during transforming growth factor-β secretion from 
elongated mammary ducts69.

Mechanical changes can also drive pattern formation. Mechanical stress triggers both 
changes in cell behaviour, such as apoptosis155 and proliferation156, and changes in cell 
state, such as differentiation157,158 and epithelial–mesenchymal transition159. Stresses 
generated by individual cells are transmitted and concentrated into stress gradients 
that span many cell lengths86,104,156 and can pattern cell behaviours156,160. The mechanical 
properties of individual cells can also influence pattern formation. Differences in cell 
adhesion and possibly contractility161,162 can induce tissue sorting163. Intriguingly, even 
mechanical differences at the subcellular level can result in morphogenetic 
movements; for example, differential junctional distribution of myosin creates 
anisotropic cortical forces that drive intercalation and subsequent elongation of the 
D. melanogaster embryo164.
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of mammary epithelial cells, which can synthesize milk 
proteins in soft but not stiff environments93. Drastic 
perturbations in the normal mechanical environment 
of mammary tissue can lead to phenotypes that are 
characteristic of a malignant state. Culturing mammary 
tissue within matrices of high, tumour-like stiffness dis­
rupts tissue architecture and promotes invasiveness87,94; 
tumorigenesis of the breast in vivo is accompanied and 
possibly driven by ECM crosslinking and stiffening95.

How might the mechanical environment regulate 
mammary morphogenesis? Cell-generated forces can 
unravel proteins and expose otherwise hidden structural 
motifs (reviewed in reference REF. 96) (FIG. 3c). Given the 
role of the ECM and its receptors in mammary develop­
ment (reviewed in REFS 9,97,98), mechanical stress may 
influence morphogenesis by uncovering cryptic integ­
rin-binding sites within collagens and thereby altering 
integrin-mediated mechanosensing. Stress-mediated 
matrix remodelling may also release ECM fragments 
that have particular biological activities or ECM-bound 
growth factors (FIG. 3b). Intracellularly, mammary epithe­
lial cells appear to require a coupling between integrins 
and the actin-binding protein filamin A in order to sense 
and respond to mechanical stress in the microenviron­
ment99; altering this interaction is sufficient to disrupt 
branching morphogenesis in culture99. Mechanical stress 
also regulates transcription and may thereby alter the 
synthesis of branching regulators such as MMPs100,101. 
For example, mechanical stress modulates the balance 
between monomeric and filamentous actin; this balance 
controls the nuclear localization of transcription factors 
of the myocardin family102,103, which induces localized 
expression of mesenchymal markers within epithelial tis­
sues in culture104 (FIG. 3d). Intriguingly, neo-expression of 
mesenchymal markers has also been observed in regions 
of high stress within mammary tissues in culture69,105 and 
TEBs in vivo106. Whether mechanical stress is involved in 
the localized induction of these genes and whether they 
affect mammary development remains to be seen.

Although culture studies have offered compelling evi­
dence for the role of mechanics in mammary develop­
ment, homeostasis and disease, the problem is difficult 
to investigate in vivo. Methods are needed to measure 
spatiotemporal variations in the physical properties and 
force ‘landscape’ of the developing mammary gland, as 
well as to perturb these quantities reproducibly. In the 
absence of such techniques, mechanical stresses can be 
inferred indirectly by visualizing mechanically sensitive 
molecules such as phosphorylated myosin light chain, 
FAK or SRC107. Indeed, immunohistochemical analy­
ses have revealed that tenascin C (secretion of which is 
enhanced by mechanical tension108) is present at high 
levels around the TEBs109, which is consistent with com­
putational models predicting increased mechanical 
stress in these regions86. Promising techniques that have 
been used to directly explore the mechanics involved in 
the development of other organs could also be adapted 
for the mammary gland. Morphometric analyses per­
formed by tracking fluorescent markers have quantified 
mechanical strain and stress during cardiac looping 
and head-fold formation within the avian embryo110,111. 

These techniques could be combined with emerging 
approaches for intravital imaging of the mammary 
gland112–115, including optical coherence tomography, 
multiphoton microscopy or mammary ‘window’ imag­
ing114, which permits long imaging sessions (up to 
24 hours) over multiple days. Finally, computational 
models and engineered tissues are likely to be useful 
in streamlining in vivo investigations of mechanics. 
The advantages of microfabricated tissue approaches 
include the ease with which mechanical parameters 
can be controlled, modulated and interrogated quanti­
tatively86,104,105. However, their simplicity, which enables 
control and tractability, may also be a caveat, as the cell­
ular, chemical and structural complexity of the native 
mammary environment cannot be fully recapitulated.

Coordinated epithelial motility
Cell migration is crucial for normal development and 
can be executed by various cells in many contexts; it 
also has an integral role in mammary morphogenesis. 
Migration of individual cells typically follows a stereo­
typed choreography: actin-rich protrusions define 

Figure 3 | Potential modes of mechanotransduction in 
the developing mammary gland. a | Map of the physical, 
structural and biochemical features that characterize the 
terminal end bud (TEB), the subtending duct and the lateral 
end bud. In the duct, cells are covered by thick basement 
membrane3 and are surrounded by dense fibrous 
extracellular matrix (ECM)8,81. Levels of matrix 
metalloproteinase 14 (MMP14) are low64,65 and fibroblast 
growth factor receptor (FGFR) signalling is less important 
here than elsewhere in the gland51,52. Culture studies 
suggest that mechanical tension is low86, whereas 
transforming growth factor-β (TGFβ) signalling is high69 in 
the duct. By contrast, FGFR signalling is crucial51,52 and 
MMP14 levels are high64,65 within the TEB. The basement 
membrane here is thin3 and the TEB penetrates adipose 
stroma. Culture studies and computational models suggest 
that TGFβ concentration is low69 and mechanical stress86 
is high. The lateral end bud is similar in morphology and 
organization to the TEB, but penetrates dense collagenous 
ECM as it extends8. Another notable difference is that 
MMP2 is reduced at sites of lateral branch formation and 
degradation of laminin 111 and collagen IV is observed65. 
Asterisks indicate studies that were done in cell culture.  
b | Cell-generated mechanical stress can remodel the 
surrounding matrix, releasing ECM-bound regulatory 
molecules such as growth factors. Binding of these growth 
factors to their receptors under conditions of high tension 
allows increased growth factor signalling. c | Cryptic 
binding sites in the ECM may be unable to access their 
receptors under conditions of low tension. In response to 
high tension, remodelling of the ECM may expose these 
binding sites, allowing them to engage more integrin 
receptors and trigger enhanced downstream signalling 
(reviewed in REF. 96). d | Mechanical stress can regulate the 
nuclear localization and activity of transcription factors by 
modulating the relative levels of globular (G)-actin and 
filamentous (F)-actin102,104. Under high tension, reduced 
levels of G‑actin may allow release of a transcription factor 
to the nucleus to increase gene expression. TIMP1, tissue 
inhibitor of metalloproteinases 1.
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Collective migration
The process in which cells 
move as a group, without 
dissolving cell–cell junctions.

Lateral inhibition
The signalling process through 
which a group of cells reduces 
the activity of an adjacent 
group.

Tensile forces
Forces that tend to extend  
a body.

the cell ‘front’, and cell–ECM adhesions provide the 
traction needed for forward propulsion. As the cell 
generates pulling forces to translocate forward, the 
rear detaches and retracts from the substratum. A 
wide range of extracellular signals can induce motil­
ity, including growth factors, chemokines and ECM 
proteins. Spatially localized activation of intracellular 
signalling components, including phosphoinositide 
3‑kinase (PI3K) and RHO GTPases (reviewed in 
REF. 116), confers front–rear cell polarity and controls 
the individual steps described above. The disassembly 
of adhesions both at the front and the rear is controlled 

by signalling pathways, including those occurring 
through FAK, MAPKs, RHO GTPases and SRC117,118.

During collective migration, cells remain connected 
to their neighbours and move as a cohort119. Examples 
of collective migration include epithelial branching 
morphogenesis, vascular sprouting, border cell migra­
tion during D.  melanogaster oogenesis, epidermal 
wound closure and the collective invasion of cancer 
cells. Collective migration may be used widely because 
migrating cohorts have ‘group skills’ that are not avail­
able to single migrating cells. Specifically, the physical 
integrity of the collective permits efficient transmis­
sion of mechanical and chemical signals. An excellent 
example of biochemical and mechanical communication 
during collective migration is the development of the 
D. melanogaster trachea, and the principles that have 
emerged from this system may help our understand­
ing of mammary morphogenesis. Tracheal branching is 
triggered by the FGF ligand Branchless (BNL), which 
signals through the FGFR Breathless (BTL) to induce 
the formation of actin-rich protrusions, which drive the 
resulting persistent migration of a subset of cells known 
as the tip cells. The tip cells are then followed by the 
lagging or stalk cells. The tip and stalk phenotypes are 
not pre-specified, but instead depend upon BNL sig­
nalling. Specifically, cells with the highest BTL activity 
become tip cells, whereas those with lower activity form 
the subtending stalk21. Importantly, the leading cells use 
lateral inhibition through the Notch pathway to suppress 
the tip phenotype in neighbouring cells21. Furthermore, 
active migration of the tip cell generates tensile forces that 
drive intercalation of the stalk cells and the subsequent 
elongation of the branch120. Therefore, molecular and 
mechanical communication within tracheal branches, 
enabled by the cohesiveness of the group, maintains the 
hierarchical organization of the participating cells and 
ultimately drives morphogenesis.

Advances in real-time imaging have identified large-
scale coordinated movements of epithelial cells as a key 
aspect of pubertal mammary development, which is itself 
a form of collective migration. Time-lapse confocal imag­
ing of primary organoids has shown that the advancing 
TEBs consist of multi-layered luminal epithelial cells that 
rearrange dynamically and exhibit reduced apicobasal 
polarity121 (FIG. 4). Curiously, a small subpopulation of 
cells that consistently localize to the leading edge of the 
TEB is not observed during mammary morphogenesis; 
this stands in contrast to the tip cells observed during 
tracheal branching and vascular sprouting. In the devel­
oping mammary gland, all cells within the TEBs adopt 
the tip cell phenotype and are starkly different from the 
well-organized, polarized and bilayered epithelial cells 
within the subtending duct. Similar phenotypes have 
been noted using real-time imaging of the developing 
kidney and salivary gland (BOX 2).

It is possible that the vigorous cellular rearrange­
ments that occur during mammary development are not 
random but rather serve to establish the regional dif­
ferences in gene expression that drive morphogenesis. 
Indeed, differences in motility are sufficient to induce 
cell sorting within mammary tissue in culture; in this 
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Directional persistence
The tendency of a cell to 
move in a straight line.

case, cell populations expressing high levels of MMP14 
localize to the tips of branching tubules122, which is con­
sistent with the increased levels of MMP14 observed 
in TEBs in vivo65. Cell motility depends on the level of 
MMP14; a high level of MMP14 signalling through the 
CD44 surface receptor and the RHO pathway increases 
both the speed and directional persistence of migrating 
cells. These results provide another example of how a 
conserved set of molecular regulators can perform dis­
tinct roles during mammary development depending 
upon the spatial and temporal context.

Epithelial cells can become motile by undergoing 
epithelial–mesenchymal transition (EMT), a pheno­
typic switch wherein epithelia loosen attachments to 
their neighbours and take on mesenchymal characteris­
tics123,124. During morphogenesis in several contexts, EMT 
is used to increase the collective motility of cell groups 
while maintaining their connectivity125. Might this also 
be the case with mammary morphogenesis? Although 
complete dissolution of cell–cell contacts and formation of 
membrane protrusions are not observed during pubertal 
mammary development, non-classical epithelial traits are 
evident, including incomplete polarization, multilayered 
organization and rapid remodelling of cell–cell junctions 
to permit cell rearrangements121,122. Molecular events 
that might underlie these cellular phenotypes within the 

TEBs are starting to emerge. A genome-wide transcript 
analysis reported that the EMT-related transcription 
factors SNAI1 (also known as SNAIL1), TWIST1 and 
TWIST2 are expressed in the TEB microenvironment106. 
Furthermore, expression of the EMT proteome has been 
observed at the branch-forming regions of mammary tis­
sues in culture69,105, and many of these genes are required 
for branch initiation. These genes have also been impli­
cated in the branching of other organs. Notably, ECM-
mediated focal upregulation of SNAI2 (also known as 
SNAIL2) drives cleft formation during branching of the 
salivary gland in vivo126 and sprouting of kidney epithe­
lial cells in culture127. Detailed expression and functional 
studies are required to fully elucidate the potential role 
of these factors in collective migration during mammary 
development.

An ensemble performance
Morphogenesis of the mammary epithelial tree requires 
integrated interactions among the epithelium and the cells 
that comprise the stroma128. Historically, studies of mam­
mary development have regarded the distinct stromal cell 
populations as a single compartment, the fat pad. Recent 
advances in genetic manipulations have allowed the roles 
of the individual stromal cell types to be dissected and 
have revealed the distinct functions of each (FIG. 4).

Figure 4 | Interactions between diverse cell types of the stroma coordinate mammary morphogenesis. 
Mature ducts are comprised of luminal epithelial cells surrounded by myoepithelial cells. During puberty, these swell into 
terminal end buds (TEBs) that consist of multiple layers of body cells (which have reduced polarity and undergo dynamic 
rearrangements) and a single layer of cap cells at the leading edge. The subtending ducts are surrounded by a sheath  
of collagen fibrils81. Macrophages and eosinophils are recruited to the TEB in part by signals (such as macrophage 
colony-stimulating factor 1 (CSF1) and eotaxin) released from the epithelium140,141. Macrophages enhance the formation 
of collagen fibrils in the periductal sheath142. Mast cells localize to the stroma in front of the invading TEB and secrete 
serine proteases, which are required for branching and for maintenance of the cap cell layer145. Adipocytes form the 
largest component of the stroma. In response to oestrogen, adipocytes secrete hepatocyte growth factor (HGF),  
which signals to the epithelium129, whereas epithelial cells secrete amphiregulin (AREG), which signals to the stroma39. 
Adipocytes also secrete adipokines and vascular endothelial growth factor (VEGF)135,136; the latter induces angiogenesis. 
IGF1, insulin-like growth factor 1.
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Angiogenesis
The formation of new blood 
vessels from existing ones.

Macrophages
A type of blood cell that 
mediates the body’s immune 
response by ingesting foreign 
material, including pathogens.

Eosinophils
A type of blood cell that 
mediates the body’s immune 
response by producing 
chemical agents to combat 
multicellular pathogens.

Mast cells
A type of cell that is considered 
to be part of the immune 
response. Mast cells contain 
granules rich in histamine and 
heparin and mediate the 
body’s inflammatory and 
allergic responses.

Niche
The microenvironment in which 
stem cells reside, characterized 
both in terms of location within 
a tissue and function. The niche 
is responsible for directing the 
maintenance, renewal and 
differentiation of stem cells.

By volume, adipocytes form the largest population 
of cells within the fat pad. Adipocytes express several of 
the key ligands and receptors that have been attributed 
to the stroma, including ERα, IGF1 and HGF129, and can 
induce branching in culture130. Adipocytes are required 
for branching, as selective ablation of mammary adipo­
cytes during puberty blocks the formation and branch­
ing of TEBs131 and mice lacking white adipose tissue show 
mammary branching defects132. This effect may be spe­
cific to puberty, however, as ablating adipocytes in adult 
mice leads to enhanced tertiary branching131. Nonetheless, 
pubertal branching is disrupted in obese mice133, suggest­
ing either systemic or local effects from excess adipose 
tissue. Adipocytes produce a variety of hormones called 
adipokines that regulate metabolism, including leptin. 
Signalling downstream of leptin is disrupted in obese 
animals, and this interferes with mammary epithelial 
branching134. In addition to signalling directly to the epi­
thelium, adipocytes synthesize and secrete molecules that 
can regulate the function of other stromal cell types. For 
example, vascular endothelial growth factor (VEGF) is 
expressed by mammary adipocytes during puberty135. As 
VEGF is a known inducer of vascular sprouting, adipo­
cytes may thus regulate angiogenesis or vascular barrier 
function during mammary branching.

Vascularization is important for most solid organs, 
and the mammary gland is no exception. The mammary 
fat pad is highly vascularized, which becomes crucial for 
the transport of fluids and nutrients into milk during 

lactation. During postnatal development and homeo­
stasis, the vascular tree is remodelled and expanded by 
angiogenesis, which is regulated by a number of solu­
ble signals, including pro-angiogenic VEGF. The VEGF 
promoter contains an oestrogen response element136 
that permits transcription of the VEGF gene in cells 
expressing ERα upon binding of oestrogen137. Ovarian 
oestrogens may thus induce communication between 
endothelial cells within blood vessels and epithelial cells 
and adipocytes during puberty.

Cells of the immune system are also required within 
the stroma of the mammary gland138,139. Macrophages and 
eosinophils are recruited around the TEBs by macrophage 
colony-stimulating factor 1 (CSF1)140 and eotaxin141 
secreted locally, and the depletion of either cell type dis­
rupts branching morphogenesis141. Macrophages work in 
part by promoting the formation of long collagen fibres 
in the ECM around the neck region of the TEB142, which is 
thought to promote ductal extension. Mast cells, which 
are effectors of the innate immune system, also surround 
the TEBs during puberty143,144, and mice that lack mast 
cells have defects in mammary branching145. Mast cells 
induce branching by secreting serine proteases, and mice 
deficient in an activator of serine proteases also develop 
hypoplastic glands145. Conversely, increasing mast cell 
accumulation in the mammary gland by feeding mice 
conjugated linoleic acid increases deposition of collagen in 
the stroma around the mammary epithelium146. Immune 
cells thus affect branching, in part, by altering ECM 
synthesis and/‌or structure around the growing ducts.

The mammary stroma also contains resident fibro­
blasts, which have received much attention for their role 
in mammary tumour progression147. Mammary fibro­
blasts secrete HGF and other growth factors and can 
induce mammary epithelial branching in culture148,149. 
Our understanding of how fibroblasts affect mammary 
branching morphogenesis is complicated by the fact that 
these are a heterogeneous cell type: for example, human 
mammary fibroblasts show substantial differences in pro­
tein expression depending on whether the cells are located 
within fatty or collagenous stroma150. Advances in real-
time imaging and labelling of specific fibroblast subtypes 
will probably help to illuminate their distinct roles in the 
developing epithelium.

Studies of the mammary gland and other branched 
organs have revealed that one major function of the 
stromal compartment is to maintain epithelial stem cells 
(BOX 3). In the salivary gland, the peripheral nervous sys­
tem within the stroma maintains epithelial progenitor 
cells in an undifferentiated state151. Cholinergic stimu­
lation by parasympathetic innervation also triggers 
epithelial cells to release heparin-binding EGF, which 
stimulates branching morphogenesis on binding to 
EGFR151. In the mouse mammary gland, macrophages 
also appear to be required for stem cell function. The 
mammary stem cells (MaSCs) of animals depleted of 
macrophages are unable to repopulate the gland152, 
suggesting that macrophages may be an important 
constituent of the MaSC niche. There is precedence for 
such involvement, as macrophages have been found to 
localize to the niche of colon stem cells153.

Box 2 | Techniques for visualizing mammalian organogenesis

Morphogenesis is by nature a dynamic process, but it is difficult to infer 
morphodynamic events using static images. Recent advances in real-time imaging  
and cell-labelling techniques have enabled investigation of the dynamic processes  
that drive morphogenesis. These techniques have been used to study the dynamic 
interactions between cells and the extracellular matrix, interactions between different 
cell types, the behaviour of a single cell type within different microenvironments, and 
the local roles of molecular regulators during the development of mouse mammary 
and salivary glands and kidney.

Cell–matrix and cell–cell interactions
Cell–matrix interactions and epithelial dynamics during salivary morphogenesis 
have been studied by visualizing both the epithelial cells and the surrounding 
extracellular matrix165; a subpopulation of epithelial cells was labelled with green 
fluorescent protein (GFP)-expressing adenovirus, and fluorophore-conjugated 
fibronectin was used to visualize the matrix. The interactions between luminal and 
myoepithelial cells in primary mammary organoids has been analysed by taking 
advantage of differentially expressed markers121. Specifically, myoepithelial cells 
were labelled by keratin 14 promoter-driven expression of actin–GFP, whereas all 
cells were stained with a commercially available fluorescent dye.

Location-dependent behaviour and local regulators
The contributions made by ‘tip’ and ‘trunk’ epithelial cells (as defined by location 
rather than gene expression) to kidney branching has been studied by monitoring 
how clusters of GFP-expressing cells and their daughter cells behave in both 
microenvironments24. Mouse embryos were generated that had mosaic expression  
of RET, a regulator of kidney branching; this was achieved by injecting RET-null 
GFP-expressing embryonic stem cells into wild-type embryos at the blastocyst 
stage. Monitoring of the GFP-labelled RET-null cells revealed that they are excluded 
from the tips of the branches, suggesting a local role for RET signalling. Up- and 
downmodulation of RET activity showed that cells that are initially randomly 
dispersed compete for the tip positions of the ureteric bud based on their levels of 
RET signalling166.
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Acinar
A berry-shaped cluster of cells.

Bipotent
The ability to give rise to two 
types of differentiated cells.

Concluding remarks and future directions
The pattern of the mammary epithelial tree is the prod­
uct of a morphodynamic process integrating molecular 
and mechanical signals over multiple time and length 
scales. Information about the reproductive status of the 
whole organism is conveyed to the organ in the form of 
endocrine hormones, which signal to the epithelium and 

multiple cell types in the stroma to produce relatively 
local paracrine signals. This initiates a dialogue between 
the epithelium and stroma, with growth factors pro­
duced by one compartment binding to cognate recep­
tors in the other compartment. Spatially, these signals are 
fine-tuned by integrating with medium-range (tissue-
scale) information provided by mechanical stress and 
autocrine morphogen gradients. The multiple paracrine 
cues thus yield different functional responses depending 
on where the epithelial cells are located within the mam­
mary gland. The final outcome of this integrated signal­
ling is branching and extension of the TEBs and relative 
quiescence of the cells in the subtending ducts.

Coincident with this molecular and mechanical 
signalling, epithelial cells within the duct are moving 
dynamically. The motions of individual cells are much 
faster and cover smaller distances than the morpho­
genesis of the gland itself. Conceptually, it is difficult 
to integrate these dynamics with the mechanical and 
chemical signalling that occurs simultaneously across 
the whole tissue. However, this integration represents 
one of the major future challenges for our understand­
ing of the development of not only the mammary 
gland but also other branched organs, such as the lung, 
kidney and salivary gland, that likewise exhibit com­
plex cellular dynamics. How do these signals affect the 
coordinated interactions among the epithelial cells? Do 
cellular rearrangements affect crosstalk with stromal 
cells? Sophisticated multi-component and interdiscipli­
nary approaches are likely to help uncover the answers 
to these questions. To understand the molecular regu­
lation of the process fully, the complete spatiotemporal 
expression and activation profile of every important 
protein must be defined. Comparing molecular profiles 
to the changes that are occurring at the level of the cell 
and the tissue is likely to shed light on the molecular 
interactions and the cellular and physical mechanisms 
that drive mammary morphogenesis.

Box 3 | Cycles of birth and destruction: the mammary stem cell

Over 60 years ago, it was demonstrated elegantly that the mammary tree can be 
completely replenished by transplanting fragments of the mammary epithelium 
from any stage of postnatal development167. We now understand that a single 
mammary stem cell (MaSC) can repopulate the entire gland168,169. MaSCs are 
important for both pubertal branching and acinar morphogenesis, but different 
populations of stem cells may complete each function170–173. Markers have been 
identified for MaSCs in mice and women174. Bipotent adult mouse MaSCs are 
enriched in α6‑integrin, β1‑integrin and CD24, and express low levels of SCA1 (also 
known as Ly6A.2/Ly6E.1) and lineage surface antigens168,169,175. By contrast, luminal 
progenitor cells express either β3‑integrin or low levels of prominin 1 and SCA1 
(REFS 176,177). Many of these markers are conserved in human MaSCs178. β1‑integrin 
is not only a marker but also regulates MaSC proliferation, self-renewal and the axis 
of cell division179; when deleted of β1‑integrin, mammary epithelial cells fail to 
repopulate the gland but can undergo alveolar differentiation during pregnancy. 
Conversely, prominin 1 is required for mammary branching but dispensable for 
repopulation180. Self-renewal is also regulated by the Hedgehog181, Notch182, 
WNT and phosphoinositide 3‑kinase (PI3K)183 signalling pathways.

As for all adult stem cells, the MaSC population is maintained by signals from its 
specialized local microenvironment, or niche. In mice, MaSCs located in the cap region 
of the terminal end bud are responsible for the growth that drives ductal extension 
during branching168,169; these cells express s‑SHIP (SH2-containing inositol 
5′-phosphate), a marker of activated stem cells184. In humans, multipotent MaSCs reside 
in nests within the terminal ducts rather than the lobules185. Protein microarrays have 
been used to define niche constituents, which included laminin 111, the Notch ligand 
jagged 1 and P‑cadherin, all of which are present near MaSCs in vivo186. The niche is 
both necessary and sufficient for stem cell activity. Indeed, cells other than native 
MaSCs, including neural stem cells187 and cells from the seminiferous tubules188 of male 
mice, can function as MaSCs when placed within the niche. Further studies are required 
to define how the integrated signalling within the mammary gland induces 
maintenance and differentiation of MaSCs during pubertal branching.
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