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Abstract
This article offers a comprehensive perspective on the transformative role of organoid technology on mammary gland biol-
ogy research across a diverse array of mammalian species.
The mammary gland's unique development and regenerative capabilities render this organ an ideal model for studying 
developmental evolution, stem cell behavior, and regenerative processes. The discussion extends to the use of cross-species 
mammary organoids to address key biological inquiries in evolution, tissue regeneration, cancer research, and lactation, high-
lighting the limitations of traditional mouse models and the benefits of incorporating a more diverse range of animal models.
Advances in organoid biology have been critical in overcoming ethical and practical constraints of in-vivo studies, especially 
in human research. The generation of human and mouse mammary organoids that faithfully recapitulate in-vivo tissues marks 
a significant stride in this field. Parallel capabilities are now emerging for other mammals, as well.
Utilizing mammary organoids from various species has the potential to make invaluable contributions to our understanding 
of mammary gland biology, with implications for regenerative medicine, cancer research, and lactation studies, thereby 
contributing to advancements in human health, agriculture, and nutrition science.
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Introduction

This perspective article aims to discuss the value of stud-
ying the biology of mammary glands across a variety of 
mammalian species, to delineate the potential benefits of 
this research direction, and to suggest that advances in orga-
noid biology can remove past barriers and increase access 
to diverse animal models. The first section will discuss the 
unique potential of the mammary gland as a tissue and organ 
to explore the evolution of development. The following sec-
tions will delve into the specific biological questions that can 
be answered by using cross-species mammary organoids in 
evolution, as well as in the fields of stem cells and regenera-
tion, breast cancer, and lactation (Fig. 1).

The Unique Case of the Mammary Gland

The mammary gland is unique in its developmental timeline 
and regenerative capacity. During embryonic development, a 
rudimentary gland is established and remains quiescent until 
puberty. Upon puberty, the gland expands and matures to its 
adult form. The adult mammary gland responds to hormonal 
stimuli with each menstrual or estrus cycle and is capable of 
further maturation and milk production during reproductive 
cycles. Therefore, the mature mammary gland exists in a 
state of readiness, prepared to respond to the physiological 
stimulus of reproduction, with robust expansion and differ-
entiation, culminating in the emergence of an organ that is 
essential for the survival of the species, the lactating gland. 
All stages of mammary gland development, maturation, and 
regeneration are thus under strong evolutionary selection, 
manifested by many conserved characteristics across mam-
mals, as well as many unique adaptations that evolved in 
response to specific pressures. All this makes the mammary 
gland a paradigmatic model organ to explore the mamma-
lian evolution of tissue development, regeneration, and adult 
stem cells.
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The state of readiness that the mammary gland exists in 
for extended periods during an organism’s life requires the 
maintenance of a pool of regenerative cells to facilitate the 
vast expansion that occurs upon pregnancy and lactation. 
However, as many of the readers will know, despite dec-
ades of studies aimed at elucidating the identity of mammary 
stem cells, they have yet to be conclusively identified [1]. 
This contrasts with several other epithelial tissues like the 
skin and intestinal epithelium, where stem cells constitu-
tively regenerate the epithelium and have long been identi-
fied, located, and characterized [2, 3]. A possible reason for 
the elusiveness of mammary stem cells may be the gland’s 
“state of readiness”. Indeed, we do not know whether a set 
of designated cells exists quiescently in the tissue and is acti-
vated upon hormonal stimulation, or whether they are des-
ignated as stem cells only upon receipt of the stimulus and/
or tissue changes that follow. There is a lot of evidence sug-
gesting that mammary epithelial cells possess a large degree 
of plasticity, and that context, in the form of the extracel-
lular matrix, neighboring cells, hormonal, and other stimuli 

determines their cell fate decisions [4–8]. This plasticity may 
be the reason that the regeneration of this tissue is still not 
entirely understood, and it may hold promise for regenera-
tive medicine if the controls of cell fate are deciphered in 
this unique tissue, in addition to its obvious contribution to 
a better understanding of developmental pathologies of the 
breast. Understanding the mechanisms of mammary gland 
development and regeneration may also result in a better 
understanding of breast tumorigenesis, particularly the early 
stage of normal cells turning malignant, which is also not 
entirely understood [9].

In addition to mammary tissue regeneration and tumori-
genesis, other aspects that are not yet understood concern the 
regulation of lactation, and particularly milk composition. 
We know that milk composition changes with offspring age, 
and varies between individuals and between species, but we 
do not have a clear understanding of how this process is 
regulated at the cell and tissue level.

Most of the studies into these aspects of mammary gland 
physiology have been done in human tissues, cells, and cell 

Fig. 1  Schematic outline of the different research questions that using cross-species mammary gland organoids could facilitate
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lines, or rodent models – particularly mice. Mouse mod-
els offer the possibility to conduct experiments in-vivo and 
modify genes. However, the mouse mammary gland does 
not recapitulate many aspects of the human breast, important 
among which are the ductal-lobular architecture and the stro-
mal composition [10]. While mouse models continuously 
evolve with emerging genetic and imaging tools, they cannot 
overcome this inherent limitation.

Expanding the availability of animal models could tap 
knowledge and understanding that have been out of reach, 
by enabling the exploration of phenotypes that may not exist 
in rodent models and indeed even in humans. This perspec-
tive will provide several examples that have already been 
recognized and are studied by a small number of groups 
around the world. These examples are likely just the tip of 
the iceberg, as mammals are a very large and diverse group 
of species, with varying reproduction strategies, that have 
evolved to populate nearly every corner of the earth.

The Potential of Organoid Technology

Organoids, miniature versions of tissues and organs that 
grow in 3D culture, serve as an in-vitro alternative where 
in-vivo experimentation is unavailable, such as in humans. 
Recent advances in organoid technology resulted in the gen-
eration of human and mouse mammary organoids that not 
only recapitulate key aspects of the in-vivo tissue but also, 
importantly, the process of its development and maturation 
[11–18]. The status of mammary organoid technology has 
been reviewed elsewhere (see [15, 19–22]) and is progress-
ing rapidly.

The next-generation version of human breast organoids 
grows in a biomimetic extracellular matrix (ECM) that 
incorporates, in addition to type I collagen, key components 
of human breast ECM: hyaluronic acid, fibronectin, and 
laminin [23]. This ECM enables the generation of human 
breast organoids that effectively recapitulate their in-vivo 
counterparts in multiple aspects: cell population heteroge-
neity, morphology and anatomy, and response to hormones 
[11, 23]. Importantly, they also include an inductive mesen-
chyme, an often-neglected component in 3D organoid mod-
els, but one that is essential to its recapitulation of normal 
physiology in the mammary gland and other tissues [24, 
25]. Organoids can be monitored in real-time using long-
term confocal live imaging, and their development from a 
single cell can be recorded and analyzed. This technology 
enables high throughput analysis (96-well) and is amenable 
to genetic modifications using lentiviral transduction. Orga-
noids from single cells have the potential to capture detailed 
organogenesis dynamics and cellular diversity over time. 
Recently, mouse mammary organoids were also taken to 
the next level, showcasing additional developmental phases, 
including involution and post-involution regeneration [12].

Mammary organoids can be generated from cryopre-
served primary cells, and do not require consistent donor 
availability. Therefore, similar generation of organoids from 
additional species opens the possibility of studying mam-
mary gland physiology in species that were previously una-
vailable for experimental studies, such as large, rare, and 
wild species, and those that are unsuitable as lab animals 
for a variety of reasons. Interestingly, some studies report 
the generation of mammary gland organoids from induced 
pluripotent stem cells (iPSCs) [26, 27], introducing the pos-
sibility of generating mammary gland organoids from non-
mammary tissues.

Recently, using the biomimetic ECM system, mammary 
gland organoids were generated from 9 mammalian spe-
cies, including 8 eutherian mammals (cat, cow, ferret, goat, 
hamster, pig, rabbit, and rat) and one marsupial (opossum) 
[28]. These organoids have a complex branched morphology, 
rather than rudimentary spheroid or budding spheroids that 
developed within other matrices [29–35]. Further studies 
will determine to which capacity they recapitulate the cell 
types in the original tissue, and whether adjusting the ECM 
can optimize the organoids in a species-specific manner.

Notably, organoids have limitations. They cannot replace 
in-vivo tissue in every aspect, and the currently existing 
models are far from a perfect mimic of tissue complexity. 
As such, results should always be interpreted with caution 
and aspire for in-vivo validation where possible. That said, 
organoid technology is evolving and continuing to incorpo-
rate more bio-mimetic features such as vasculature, com-
binations of complementary organ systems and engineered 
extracellular matrices. 

The next sections will discuss the potential of mammary 
organoids to facilitate research related to mammary gland 
evolution, breast cancer, stem cells and tissue regeneration, 
and lactation biology.

Mammary Gland Evolution

Mammals can be classified into three primary groups: 
monotremes, marsupials, and eutherians. Monotremes are 
the most ancient among extant mammals: they diverged 
from other mammalian groups approximately 190 million 
years ago [36]. Monotremes lay eggs and lactate the altri-
cial hatched puggles during the vulnerable initial stages of 
their life. Their mammary glands consist of a patch of spe-
cialized hairs, and each hair is associated with an individ-
ual gland [37]. Milk is secreted to the skin surface; there 
is no nipple. This structure resembles the hair-associated 
apocrine gland, which is thought to be the evolutionary 
precursor to the mammary gland [38]. It is therefore obvi-
ous that monotremes are key species in research that aims 
to explore the evolution of the mammary gland, and indeed 
of mammalian evolution and the emergence of mammals. 
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However, access to live monotremes is challenging: the 
monotreme species that exist today include only the platy-
pus and four species of echidna. The platypus (Ornitho-
rhynchus anatinus) is geographically restricted to eastern 
Australia and is listed as “Near Threatened” in the Interna-
tional Union for Conservation of Nature (IUCN) Red List 
of Threatened Species [39]. Of the four echidna species, 
only the short-beaked echidna (Tachyglossus aculeatus) 
has a wide distribution across the Australian continent, 
while the others are restricted to Indonesia and/or Papua 
New Guinea and are listed as “critically endangered” or 
“vulnerable” in the IUCN Red List [40]. Monotremes do 
not breed easily in captivity, and they are all, including the 
more widespread echidnas, considered protected species in 
Australia [41]. Monotreme mammary organoids have the 
potential to overcome the limitations of access to mono-
treme tissue and can be an important resource in addition 
to existing resources of non-living samples and other data, 
such as the Monotreme Resource Center at the Univer-
sity of Adelaide [42]. Among the findings resulting from 
the exploration of the monotreme mammary gland is the 
discovery of monotreme-specific milk proteins with anti-
bacterial activity: MLP (monotreme lactation protein) and 
EchAMP (echidna antimicrobial protein), which authors 
suggest could be used as a potential prophylactic against 
mastitis in dairy animals [43–47].

Marsupials, which diverged from Eutherians approxi-
mately 160 million years ago, present an intermediate form 
of a mammary gland between the primitive monotreme form 
and the Eutherian ones. Like monotremes, marsupials often 
feature in evolutionary research, including research into 
the adaptation of genes and pathways throughout evolution 
[48–50]. The marsupial mammary gland develops in associ-
ation with hair, but the hair disappears in the adult gland [51, 
52]. Marsupials produce specialized milk that compensates 
for their short gestation periods and lack of substantial pla-
centation. An intriguing aspect of marsupial lactation found 
in macropods such as kangaroos and wallabies, is known as 
“asynchronous concurrent lactation” (ACL) [53–55]. ACL 
allows a mother to produce two types of milk at the same 
time, each with a composition suited to the nutritional needs 
of her offspring at different developmental stages. Species 
with ACL provide a unique opportunity to study the local 
regulation of milk composition, isolated from systemic 
effects [56–58].

Lastly, eutherians represent the largest and most diverse 
group, with wide physiological variations and habitats 
across ecosystems globally. Eutherian mammary glands 
have evolved to cater to the specific needs of their species 
– from the number of teats, the shape and size of the gland, 
to distinct lactation modes that range from continuous to 
intermittent, short to long, and milk composition variations 
between species, and throughout the lactation period.

As mentioned, branched organoids from 8 eutherian 
mammals and one marsupial have been generated recently 
[28], using a collagen-based matrix that had been originally 
developed for culturing human breast organoids [23]. Orga-
noids from different species manifest varied architectures 
under these conditions and require varied media supple-
ments to grow and branch. Optimizing organoid growth for 
each species is an important goal for improving the technol-
ogy and the model, but it can also have additional value if 
it reveals an underlying molecular or cellular mechanism 
that is key for certain aspects of development. For example, 
branching of mammary organoids of some species (cow, 
goat, rabbit, and opossum) requires the addition of ROCK 
inhibitors to the culture media. This finding highlights a 
previously observed role of ROCK proteins in the process 
of branching, which is understudied, and its mechanism 
unresolved. It also presents a comparative animal model in 
which this role can now be studied mechanistically. Further-
more, using organoids from evolutionarily distant branches 
of mammals, such as marsupials and monotremes can reveal 
how these developmental mechanisms evolved. Finally, 
organoids can be used to study the functional consequences 
of specific genetic changes or adaptations within a species.

The next sections will discuss a partial list of specific 
cases where mammalian variability is an opportunity for 
comparative research and has the potential to yield impact-
ful findings and expand knowledge across several fields of 
study.

Breast Cancer Research

Despite years of research, some fundamental questions about 
breast cancer remain unanswered. In particular, we still don’t 
know what the breast cancer cells of origin are in humans, 
and what causes those cells to undergo malignant trans-
formation and form a cancerous tumor [59, 60]. The early 
events of breast cancer remain elusive despite many models 
of breast cancer in mice, where its cells of origin have been 
investigated [61–65]. Since cancer of the mammary gland 
does not develop spontaneously in non-transgenic mice in 
the same manner it does in humans, but rather results from 
a retroviral infection which is also transmitted in the milk 
[66–69], mouse models of breast cancer rely on genetic 
modifications and mutations to cause mammary tumors 
in-vivo or PDX (patient-derived xenograft) models where 
human tumor cells are transplanted in mice. Both approaches 
are inherently limited in their ability to address the natural 
occurrence of breast cancer and tumors of the mammary 
gland in species, including humans, where mammary tumo-
rigenesis is not necessarily virally induced.

Incredibly, it is still not common knowledge that some 
mammals rarely, if ever, develop cancer of the mammary 
gland [70–72]. These mammary cancer-resistant mammals 
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include pigs, cows, sheep, goats, and horses, and there 
may be additional ones for which we do not have reliable 
data regarding mammary cancer occurrence. This phe-
nomenon received some attention years ago but later faded 
from  research  focus  and it still  remains unknown what 
makes some species resistant to this type of cancer, which 
is so prevalent and fatal in humans [73]. While billions of 
dollars are rightfully dedicated to research aimed at breast 
cancer prevention, diagnosis, and treatment, essentially 
none of these fund are invested in taking a deep look at a 
phenomenon that has the potential to answer long-standing, 
core questions about breast cancer. But funding is not the 
only obstacle: the above list of species is not easily acces-
sible to most breast cancer labs, which are mostly located 
in hospitals, medical schools, and university departments of 
life sciences, not in veterinary schools, agricultural institu-
tions, or farms. Organoids have the potential to change the 
accessibility of these species to breast cancer research labs.

Several hypotheses can explain the rarity of mammary 
tumors in some species. It has been hypothesized that dif-
ferences in DNA damage response between mammary 
cancer-resistant and susceptible species, and particularly 
in the threshold of DNA damage that leads to apoptosis, 
could explain the survival vs. elimination of damaged cells 
in susceptible vs. resistance species, respectively [74–76]. 
Limited data supporting this hypothesis was collected in 2D 
models of mammary epithelial cells derived from relevant 
species but was not verified in 3D or in-vivo. Alternatively, 
it can be hypothesized that differences in estrogen exposure 
during the estrus cycle might explain the difference between 
species. Parity and lactation have been suggested (but not 
confirmed) to confer the resistance of dairy animals, but this 
explanation may not apply to non-dairy animals such as pigs 
and horses [73].

While organoids cannot replace in-vivo experiments 
and validation, they do offer more than an in-vitro organ to 
experiment on: the ability to track the development of orga-
noids from single cells to a mature tissue offers a window to 
developmental processes that may be at the basis of cancer 
susceptibility. Cancer and development are tightly linked, 
and organoids offer the potential to explore both in species 
that may offer novel insight into fields that could benefit 
human health, particularly for answering questions that the 
existing methods and models have not been able to answer.

Stem Cells and Tissue Regeneration

As mentioned above, following embryonic and pubertal 
development, the mammary gland regenerates with every 
cycle of reproduction and lactation. However, the cells 
that produce the regenerated tissue, the adult stem cells 
of the mammary gland, have not been clearly identified 
– not in mice, nor in any other species, including humans 

[1]. A fundamental leap in our understanding of mam-
mary stem cells and their capacity to contribute to the 
regeneration of this tissue came over a decade ago: lineage 
tracing experiments in mice showed that while removing 
cells from their native environment can render them able 
to regenerate all the lineages of the gland (as is the case 
with cleared fat-pad transplantations), this is likely not 
how the gland regenerates in-vivo [77]. Instead, the post-
natal gland is regenerated by lineage-restricted progeni-
tors, and not by bi-potent stem cells, as was previously 
thought. While these lineage-tracing experiments had 
limitations due to the genetic models they use, and dif-
ferent models and analysis methods yielded complex and 
conflicting results [78–83], they remain the most direct 
way to observe stem cell fate in situ. These pivotal findings 
in mice were not confirmed in humans or any other mam-
mals, due to the inaccessibility of lineage-tracing experi-
ments in these species. Interesting clonal tracing in the 
human breast tissue, based on somatic mutations in mito-
chondrial enzyme cytochromecoxidase (CCO), provide 
indications that a bi-potent stem cell may exist in the adult 
breast, and that it may reside in the luminal compartment 
[84]. Given the evidence of extensive plasticity of mam-
mary epithelial cells, and the strong pressures to always 
maintain its regenerative capacity in a state of readiness, 
these questions are key to understanding the regeneration 
strategy of this tissue.

Here, too, organoids can be an experimental model to 
answer these questions. First, we can design genetic tools 
that will allow lineage tracing in organoids. This will 
allow us to conduct lineage tracing on human breast tissue. 
Important in this context is the fact that the next-genera-
tion breast organoids contain a stroma, which may play a 
key role as part of the microenvironment that controls stem 
cell fate. Another key feature relevant is the recapitulation 
of multiple cell types within the organoid, similar to the 
human breast. Second, we can compare the regeneration 
capacity of organoids from different species. One of the 
relevant features of organoids for this purpose is that they 
maintain a relatively constant pool of regenerative cells 
within the organoid [11]. This was observed when breast 
tissue organoids were formed from primary cells derived 
from 12 donors. In the first generation of organoids, there 
was significant variability between patient samples in the 
number of organoid-forming cells, but when a second gen-
eration of organoids was formed by cells dissociated from 
organoids, the variability was much lower between patient 
samples and averaged 1 organoid per 100 organoid-derived 
cells. This implies that the pool of cells with the potential 
to regenerate the tissue is controlled within the organoid. 
Organoid technology can lead to the identification of those 
cells within the organoid and a better understanding of 
how their plasticity and fate are controlled.
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Lactation Biology

The study of lactation biology encompasses the initiation, 
duration, and cessation of milk production, as well as the 
composition of milk, including milk bio-actives like oligo-
saccharides. Mammary organoids offer the possibility to 
explore these aspects across mammals.

The initiation of lactation, a complex process influenced 
by hormonal changes, can be closely examined and moni-
tored in organoids. This can be achieved by controlling 
conditions such as hormone levels, the composition and 
mechanical properties of the extracellular matrix, and impor-
tantly by the ability to genetically modify the organoids. 
These capabilities are not readily available even where 
access to in-vivo experimentation is easy, and they are cer-
tainly not possible in species where this access is restricted, 
including in humans. Such studies can have implications for 
understanding and treating lactation problems in humans 
and livestock.

The cessation of lactation and the process of involution 
where the mammary gland returns to its pre-lactation state 
are equally vital aspects, that, as was recently shown, can 
also be studied in mammary organoids [12]. The mecha-
nisms behind the induction of involution are not entirely 
clear [85]. The first, reversible phase of involution, which 
lasts for 48 hours in mice, is STAT3 dependent [86]. Evi-
dence from mouse experiments shows that milk stasis 
induces cell death through the uptake of milk fat globules by 
mammary epithelial cells. When delivered to the lysosomes, 
the free fatty acids make the lysosomal membrane perme-
able resulting in the release of cathepsins to the cytosol, 
followed by cell death [87, 88]. The next, irreversible phase 
of involution involves systemic hormonal signals [89]. How-
ever, there are species, such as the fur seal, where involution 
does not occur through weeks-long periods during which 
the mother is away foraging at sea and the pups are not 
lactating. Studying this phenomenon has led to important 
discoveries implicating the milk protein alpha-lactalbumin, 
which is missing in fur seals [90, 91]. Lack of or mutated 
alpha-lactalbumin leads to lactose-free milk and can result 
in delayed involution despite milk stasis. It was subsequently 
shown that alpha-lactalbumin is an apoptotic factor in mam-
mary epithelial cells, suggesting that it plays a role in the 
natural process of mammary gland involution [92]. Access 
to in-vivo experiments that would follow up on these find-
ings is understandably limited and is another example where 
mammary organoids can bridge the gap and allow further 
exploration of this phenomenon to gain a better understand-
ing of the process of mammary gland involution, and the role 
of milk components in this process.

The composition of milk, including the presence of bio-
active compounds like oligosaccharides, is a current area 
of study [93, 94]. Mammary tissue organoids can allow for 

the analysis of milk secretion and its compositional changes 
under various conditions. This is particularly important for 
understanding the nutritional and immunological aspects of 
milk and can lead to the development of improved infant 
formulas and dairy products. For example, marsupials have 
been the focus of studies related to milk composition because 
they secrete rich milk during early lactation, supporting the 
early development of offspring that are born underdeveloped 
following short pregnancies that lack significant placentation 
[95–98]. As mentioned above, marsupials are also capable of 
asynchronous concurrent lactation and are therefore a model 
to study tissue-local controls over milk composition.

Milk oligosaccharides are the third most abundant solid 
component of human milk [99] and are an important con-
tributor to infant development and particularly neurodevel-
opment [94]. The composition and types of oligosaccha-
rides differ greatly between species [93, 100–105], and it 
is hypothesized that milk oligosaccharide abundance and 
variety are important evolutionary contributors to the devel-
opment of complex mammalian systems, with an emphasis 
on neural systems [106, 107]. The variability of milk oli-
gosaccharides is not directly encoded in the genome but is 
generated in situ and impacted by the cellular context and 
factors such as hormones and enzymes involved in glyco-
sylation pathways. Evidence is accumulating that mammary 
gland organoids are capable of secreting milk components, 
including milk proteins and lipids [15, 23, 26, 32, 108]. An 
organoid model that induces secretion of oligosaccharides 
can facilitate experimental research that would shed light on 
mechanisms that regulate the variety and abundance of milk 
oligosaccharides across mammals, with relevance to the evo-
lution of mammals and lactation, and also to the mammary 
gland microbiome [109, 110].

In conclusion, mammary tissue organoids from various 
mammalian species are invaluable in advancing our under-
standing of lactation biology. They provide a versatile and 
controlled environment for exploring the complex biologi-
cal processes involved in milk production, offering poten-
tial benefits in human health, agriculture, and nutritional 
sciences.

Concluding Remarks

This article underscored the value of expanding research on 
mammary gland biology across diverse mammalian species 
using organoids. The mammary gland's unique develop-
mental and regenerative characteristics position it as a good 
model for investigating fundamental biological questions in 
evolution, cancer, stem cell research, and lactation. Expand-
ing the mammalian diversity available for research of mam-
mary gland biology enriches the knowledge resources and 
will deepen our understanding of mammary gland evolution 
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and function, stem cell dynamics, and tissue regenera-
tion, with real potential for breakthroughs in breast cancer 
research, regenerative biology, and nutritional sciences.
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