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How do we define organoids and 

3D cultures?

That functional differentiation is dependent on 3D architecture 

has become accepted recently. Many papers over the last 50 

years have shown that cells cultured in 2D are not represen-

tative of the in vivo situation. Structurally, 2D cultures do not 

provide the conditions for the organization and cellular relation-

ships observed in vivo. Moreover, cell signaling networks are 

altered in 2D versus 3D, and this probably explains why drug 

screening outcomes many times do not reproduce the in vivo 

setting (Wang et al., 1998; Weaver et al., 2002). It is encourag-

ing to see the recognition of the importance of 3D cultures to 

model signaling, differentiation, and drug development. Many 

of the studies use elegant images and sophisticated animations 

that are a delight to see and hear about and clearly show the 

similarity between organoids and the tissues and organs from 

which the cells were derived in vivo. We applaud the excitement 

and cheer the general enthusiasm that the work has deservedly 

generated. What is most exciting is that the combined effort is 

�nally a critical mass and as a result has caught the attention 

of many new scientists who are emphasizing the importance of 

3D culture by pointing out the relevance and the signi�cance 

of this work to clinical research. However, the term “organoid” 

is being treated, or has come to imply, that this is a completely 

new �eld, separate from what several scientists from as early 

as the turn of the previous century have been engaged in for 

years, essentially in isolation, introducing the term 3D cultures, 

beginning the �eld of microenvironment, and pointing out the 

signi�cance of tissue architecture.

The �rst use of the words “three-dimensional culture 

models,” we believe, started with the assays developed by 

Barcellos-Hoff et al. (1989) and Petersen et al. (1992), although 

�oating collagen gels were described in the 1970s and were cer-

tainly 3D (see Fig. 2). Before 2005, the word organoid was an 

extension of 3D cultures. Typically, it referred to small tissue 

fragments taken from organs, mostly epithelial tissues, sepa-

rated from stroma by mechanical and enzymatic digestion and 

grown in different types of 3D gels to produce an organ-like 

structure. As an example, see Simian et al. (2001), in which 

rodent mammary fragments were grown in collagen gels to pro-

duce a branching structure resembling branching in the mam-

mary gland of virgin mice, or Fata et al. (2007), in which rodent 

mammary fragments were grown in laminin-rich gels giving 

rise to alveogenesis. However, in the last decade, the meaning 

of “organoid” has lost precision and has come to cover a series 

of cell culture techniques that are not necessarily a single tech-

nique. Below are examples of de�nitions of organoids taken 

from some recent papers in appropriate journals for the �eld. 

We come across the following de�nitions:

(1) “Various sub�elds use these terms either interchange-

ably or distinctly; for example, in the �eld of mammary gland 

biology, the term organoids refers to primary explants of ep-

ithelial ducts into 3D extracellular matrix (ECM) gels. Con-

versely, in studies of intestinal biology, organoids can refer to 

clonal derivatives of primary epithelial stem cells that are grown 

without mesenchyme or can refer to epithelial–mesenchymal 

co-cultures that are derived from embryonic stem cells or in-

duced pluripotent stem cells” (Shamir and Ewald, 2014).

(2) “Thus, we would like to de�ne an organoid as con-

taining several cell types that develop from stem cells or organ 

progenitors and self-organize through cell sorting and spatially 

restricted lineage commitment, similar to the process in vivo” 

(Lancaster and Knoblich, 2014).

(3) “An organoid is now de�ned as a 3D structure grown 

from stem cells and consisting of organ-speci�c cell types that 

In the last ten years, there has been a dramatic surge in the 
number of publications where single or groups of cells are 
grown in substrata that have elements of basement mem-
brane leading to the formation of tissue-like structures re-
ferred to as organoids. However, this field of research 
began many decades ago, when the pioneers of cell culture 
began to ask questions we still ask today: How does organo- 
genesis occur? How do signals integrate to make such 
vastly different tissues and organs given that the sequence 
of the genome in our trillions of cells is identical? Here, we 
summarize how work over the past century generated the 
conceptual framework that has allowed us to make prog-
ress in the understanding of tissue-specific morphogenetic 
programs. The development of cell culture systems that pro-
vide accurate and physiologically relevant models are 
proving to be key in establishing appropriate platforms for 
the development of new therapeutic strategies.
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self-organizes through cell sorting and spatially restricted lin-

eage commitment…” (Clevers, 2016).

(4) “Here we de�ne an organoid as an in vitro 3D cel-

lular cluster derived exclusively from primary tissue, embry-

onic stem cells, or induced pluripotent stem cells, capable of 

self-renewal and self-organization, and exhibiting similar organ 

functionality as the tissue of origin” (Fatehullah et al., 2016).

“The character and organization of tissues are 
determined by the spatial arrangement, the 
mutual relations, and the typical groupings 

of cells, which, together with the intercellular 
material, combine into developmental and 

functional patterns. To the structure and integrity 
of these cellular patterns are related the course 

of the prospective development…”  
Moscona and Moscona, 1952

To our minds, the �rst de�nition, provided by Shamir and 

Ewald (2014) is the most inclusive and accurate, given that it 

includes the different de�nitions the word “organoid” has been 

associated with. It avoids the speci�c restriction imposed by 

other de�nitions and includes organoids generated from in-

duced or embryonic stem cells. Researchers indeed are able 

to generate organoids in laminin-rich gels from single cells of 

normal tissues or malignant tumors, or even cell lines, without 

necessarily starting from cells that express stem cell markers 

(Weaver and Bissell, 1999). This is especially relevant given 

that we still do not understand whether a stem cell can be 

de�ned independently of its niche (Scho�eld, 1978; Mesa et 

al., 2015). Niches are specialized microenvironments located 

within each tissue where stem cells reside. Niches exert a key 

in�uence over stem cell function and are de�ned as the sum of 

the cell–cell, cell–ECM, and cell–soluble factor interactions, in 

the context of the physical and geometric constraints that a cell 

may experience at a given time (Kaplan et al., 2007). The ability 

of the niche to determine the functional spectrum of stem cell 

activities leads to the hypothesis that stem cell niche microen-

vironments are critical in the de�nition of stem cell functions 

(Kaplan et al., 2007; LaBarge et al., 2007).

It should be acknowledged that the development of the 

culture conditions that were established by scientists work-

ing on organoids (as originally de�ned) has contributed to the 

signi�cant advances reported in the stem cell �eld in the last 

10 years. Independently of the methods used to generate the 

organoids and keep them in culture, these advances represent 

outstanding model systems to study human development and 

disease. For many organs, such as the brain, mouse and human 

development are not the same (Lancaster et al., 2013). More-

over, induced pluripotent stem cells derived from skin �bro-

blasts as well as 3D cultures of normal and diseased human 

organs offer models for human diseases that are not easy to 

study in animal models (Lancaster et al., 2013). Additionally, 

developing screening platforms based on human organoids may 

provide a more cost-effective and precise preclinical setting for 

drug discovery in the long term.

Interestingly, the word organoid initially had a different 

meaning from all of the above. In the 1950s and 1960s, papers 

referring to organoids often centered on intracellular structures 

(organelles), with titles such as “Quantitative cine analysis of 

cell organoid activity” (Pomerat et al., 1954) or “Nuclear and 

cytoplasmic organoids in the living cell” (Duryee and Doherty, 

1954). The word organoid was used also for tumors (Gordi-

enko, 1964) or abnormal cellular growths (Wolter, 1967). Many 

papers described cases of “Organoid Nevus,” a malformation 

of the skin, most commonly in the scalp (Pinkus, 1976). Other 

researchers seemed to use organoids for cellular clusters that 

maintained the structural characteristics of the tissue of origin. 

For instance, Schneider et al. (1963), in a paper titled “Some 

unusual observations of organoid tissues and blood elements 

in monolayer cultures,” observed organoids as 1-mm nodules 

attached to the �ask or �oating after mechanical and enzymatic 

digestion of mammalian tissues. From 1980 on, however, papers 

referring to 3D cultures included the use of the word organoids.

The aforementioned use and misuse of the word organ-

oids appears to have contributed to signi�cant divergence re-

garding when the organoid �eld began to develop. In a recent 

review, Clevers (2016) states that there was an initial increase 

in organoid research in the 1965 to 1985 period (Fig. 1, organ-

oids, red squares), showing an astounding 563 papers in 1980. 

This number and the fact that the graph shows a sudden drop 

in 1985 surprised us and caught our attention. A close look at 

the papers referenced for this period shows that the PubMed 

search picked up many papers that included the word “organ,” 

but not necessarily “organoids.” A different search using “or-

ganoid” followed by the “text word” tag shows papers actually 

using the word “organoid” (Fig. 1, blue circles). This search, in 

a way, also overestimates the number of papers about organoids 

because the results encompass research on organoids as de�ned 

before 1980, which included small structures within the cells’ 

cytoplasm. From 1980, researchers began to use collagen and 

laminin-rich matrices to culture cells and organoids in 3D, and 

thus 3D included organoids as discussed above. The start of the 

dramatic increase in the number of published papers on organ-

oids was in fact around 2011, with 150 papers published in 2016 

up to the time this article was written. For comparison, we also 

show the search that referred to “3D cell culture” (Fig. 1, green 

triangles). In reality, as we have argued, the two terms are one 

and the same until such time that those scientists who are ac-

tive in this �eld would subdivide and de�ne the different types 

of 3D/organoids practiced in different laboratories. (Indeed, 

M.J. Bissell and H. Clever discussed this nomenclature problem 

in a meeting entitled “Organoids” organized by the European 

Molecular Biology Organization in October of 2016. The aim is 

to bring clarity in nomenclature and keep the focus on showing 

the overriding importance of context and architecture in how 

tissues and organs are formed and maintained.) Organoid cul-

tures as models for the study of development and disease could 

not have occurred without the advances in what is now referred 

to as 3D cell cultures. Even though the �rst papers that were 

essentially doing 3D cultures/organoids started in the 1960s, the 

number of publications began to increase steadily from 2003 

on, with a total of 640 publications up to the time this article 

was written in 2016. What the data in Fig. 2 show is that it took 

about half a century for the recognition that this way of thinking 

is not simply utilization of a technique but that form and func-

tion are fundamentally intertwined and that once the organism 

is formed, essentially, phenotype is dominant over genotype.

An adequate historical perspective is necessary to under-

stand where the �eld as we know it comes from, and where it 

is going. Despite fancier cell culture systems and techniques, 

we are still trying to understand the same basic question as 

researchers decades ago: What are the cues that govern the 
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formation and the stability of the differentiated state, and can 

we recapitulate morphogenesis in culture?

A historical timeline of organoid and 3D 

cell cultures

1906–1980: Developing the tools.  When did 3D and 

organoid culture really start (Fig. 2)? Today’s methods are the 

product of what started in 1906 with the hanging drop tissue 

culture technique developed by Ross Harrison (Harrison, 1906). 

As early as 1900, researchers wanted to recapitulate organogen-

esis in culture and to do so they began by culturing tissue frag-

ments. In these pioneering experiments, Harrison wanted to 

study the origin of nerve �bers. He took a fragment of embryo 

nerve cord and placed it on a drop of lymph on a coverslip, 

which was inverted and sealed over a hollowed slide (Harrison, 

1906). This setting provided an adequate environment for the 

nerve �bers to grow into the medium. Other researchers further 

adapted this system to culture tissues of diverse origins for pro-

longed periods of time (Burrows, 1910; Carrel and Burrows, 

1910; Fell, 1972). By 1914, Thomson (1914) de�ned cultures as 

“controlled” or “uncontrolled” in reference to the fact that in the 

former the histological and functional characteristics of the 

original organ were maintained, whereas in the latter tissue or-

ganization and functionality were lost. During the 1920s, re-

search focused on embryology, especially limb morphogenesis, 

leading to the development of tube cultures (Strangeways and 

Fell, 1926) and the watch glass method, which consisted of a 

concave glass surface holding a plasma clot in its center over 

which the tissue fragment/organ rudiment was embedded and 

cultured. The watch glass was enclosed in a Petri dish carpeted 

with wet cotton wool (Fell and Robison, 1929). By the 1950s, 

many other organs had been cultured in vitro, but with the lim-

itations imposed by these culture methods and the lens paper 

method, which allows the culture of thin organ slices (Trowell, 

1954, 1955). Mostly researchers worked on avoiding the migra-

tion of cells from the tissue specimen, tried to optimize the gas 

exchange conditions, and reduce necrosis. In this same time 

frame, researchers started to analyze the regenerative capacity 

of dissociated cells. As early as 1907, Wilson (1907) showed 

that sponges could be broken down to single cells that were able 

to reassociate into tissue-like structures. The same was true for 

Coelenterates (De Morgan and Drew, 1914) and amphibian em-

bryonic cells (Holtfreter, 1948). Moscona, in the early 1950s, 

established a method to enzymatically digest limb and kidney 

rudiments of early chick embryos. He cultured these cells in 

suspension and showed that they were able to reaggregate and 

reestablish the structural pattern of their tissue of origin 

(Moscona and Moscona, 1952; Moscona, 1959). Thus, by the 

middle of the twentieth century, researchers were working to-

ward generating organs from dissociated cells, albeit mainly in 

suspension. Knowing that collagen was a universal component 

of connective tissues, as early as 1932, Huzella (1932) and col-

laborators had experimented culturing cells on �brous collagen, 

a condition that is considered a 2D culture. However, it was in 

1956 that Robert Ehrmann and George Gey published a method 

to reconstitute collagen extracted from rat-tail tendons as a 

transparent gel (Ehrmann and Gey, 1956). In their original 

paper, 29 cells lines and tissues were tested and, in most cases, 

cells grew and survived better on top of collagen dried on 2D 

dishes than on glass or plasma clots. At that time, Mandl et al. 

(1953) isolated collagenase from Clostridium histolyticum and, 

four years later, Lasfargues (1957) established a method using 

collagenase to dissociate adult mouse mammary gland tissue, 

generating mammary organoids (duct fragments) devoid of �-

broblasts and adipocytes. This was the rationale that led to the 

establishment of a method to produce millions of viable hepato-

cytes by Berry and Friend (1969) by perfusing livers with this 

same collagenase. Adult and embryonic hepatocytes, as well as 

other cell types, were shown to grow better on collagen, but in 

most cases cells were losing their differentiation functions after 

one or more days in culture (Bissell and Tilles, 1971). Mi-

chalopoulos and Pitot (1975) determined in 1975 that it was 

Figure 1. Number of publications per year on organoids and 3D cell cultures according to PubMed. The number of publications per year is graphed for 
the following PubMed searches: “organoids [tw]” is shown in red squares, “organoid [tw]” is shown in blue circles, and “3D cell culture” is shown in green 
triangles. Figure courtesy of Neil Smith.
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Figure 2. Timeline of techniques and experiments leading to the current organoid field. The images shown in the 1975–1977 box are from Lyon et al. 
(2015), and are displayed under the terms of a Creative Commons License. Figure courtesy of Neil Smith. (continued on next page)
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possible to trigger differentiation of speci�c epithelial cells, 

such as hepatocytes, by modifying the behavior of the substra-

tum to which they were attached; in particular, these researchers 

observed that, when cells exerted pressure on the thick collagen 

gels on which they were growing, the gels detached and �oated 

on the top of the medium. Thus, �oatation itself created a more 

permissive environment for differentiation, although they did 

not report a mechanism. When these researchers imitated the 

phenomena by rimming the gels to allow them to �oat, adult 

liver cells expressed tissue-speci�c markers of differentiation. 

Emerman and Pitelka (1977) performed the same experimental 

condition with dissociated normal mammary epithelial cells de-

rived from pregnant mice in the presence of lactogenic hor-

mones and showed that when gels were made to �oat, cells 

maintained some milk protein expression for a month in culture, 

a phenomenon that was not observed on plastic, glass, or at-

tached collagen gels (Emerman and Pitelka, 1977).

Meanwhile, in New Jersey, Richard Swarm and his 

group were working on the characterization of the ECM of 

chondrosarcomas, unraveling the interactions between col-

lagen, hyaluronic acid, and associated proteins. In doing so, 

they isolated a gel with characteristics of the basement mem-

brane and named it EHS sarcoma using the initials of the 

three investigators—Engelbreth, Holm, and Swarm (Swarm, 

1963; Orkin et al., 1977)—who discovered and de�ned it. 

This was the discovery of what we know today as Matrigel 

(Kleinman and Martin, 2005), or otherwise, more accurately 

laminin-rich gel. In the seminal paper of Orkin et al. (1977), 

the researchers determined that collagen IV is a major con-

stituent of the matrix isolated from the tumor. Laminin was 

characterized two years later, also extracted from the matrix 

of the EHS sarcoma (Timpl et al., 1979). Antibodies raised 

against laminin determined that it was a constituent of base-

ment membranes in normal tissues. Fibronectin had been dis-

covered in 1973 in the context of cultured cells (Gahmberg 

and Hakomori, 1973; Hynes, 1973; Ruoslahti et al., 1973) and 

was found to be a major component of basement membrane 

(Stenman and Vaheri, 1978).
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1980–2016: Understanding the mechanisms 

of morphogenesis.  The early period described above set the 

stage for the next era in the development of organoid and 3D 

cultures. By 1980, researchers had the tools (both material and 

conceptual) to start unraveling the mysteries that govern 

tissue-speci�c function and morphogenesis. In 1981, Bissell et al. 

submitted a paper to the Journal of Theoretical Biology hypothe-

sizing that ECM regulates gene expression. The article titled 

“How does extracellular matrix regulate gene expression” (Bis-

sell et al., 1982) was published the same year Hall et al. (1982) 

determined that if MDCK or normal murine mammary gland 

cells cultured on top of collagen I gels, once con�uent, were over-

laid with another collagen layer (the epithelium in response to a 

collagen cocoon), cells rearranged to form tissue-like structures, 

which is compatible with the notion that it is the matrix that pulls 

the strings. A similar phenomena was described for follicle for-

mation from isolated thyroid cells (Chambard et al., 1981). Using 

�oating collagen gels as described by Emerman and Pitelka 

(1977) and radioactive carbon, Lee et al. (1984, 1985) showed 

that the milk that was produced and secreted indeed was pro-

duced endogenously. Evidence emerged that de novo synthesis of 

milk proteins was under the control of the ECM (Lee et al., 1984, 

1985). The idea that the ECM in�uences gene expression was 

further supported by culturing mouse mammary cells on an EHS 

matrix where synthesis of β-casein was observed in more than 

90% of the cells, together with the formation of glandular struc-

tures (Li et al., 1987; Barcellos-Hoff et al., 1989). Other cell types 

such as rat Sertoli cells cultured either on, or inside, an EHS ma-

trix were shown to undergo striking changes in morphology and 

secretory activity (Hadley et al., 1985), and so were rat hepato-

cytes (Bissell et al., 1987; Schuetz et al., 1988), avian neural crest 

cell cultures (Maxwell and Forbes, 1987), and exocrine acinar 

epithelial cells (Oliver et al., 1987). Similar results were obtained 

when primary normal human prostate cells were cultured in EHS 

(Fong et al., 1991). The concept that certain components of the 

matrix were regulating cell morphogenesis and differentiation 

was palpable; the question that remained was, what is the exact 

mechanism? In 1990, further evidence suggested that matrix 

components were interacting with response elements in the nu-

cleus (Schmidhauser et al., 1990, 1992; Myers et al., 1998). Si-

multaneously Streuli and Bissell (1990) demonstrated that the 

appearance of milk protein after collagen gels were �oated was 

concomitant with formation of an endogenous basement mem-

brane in primary mammary cells. The �rst evidence that the 

ECM, through direct interaction with integrins, was regulating 

gene expression and differentiation came in 1991 when Streuli et 

al. (1991) embedded single mammary cells inside a laminin-rich 

ECM. They showed that these cells were able to synthsize 

β-casein when laminin was present, but treatment with an anti–β1 

integrin antibody would prevent expression of the milk protein. 

Further studies determined that pure laminin-111, but not other 

ECM components, directs the expression of the β-casein gene 

through reporter assays (Streuli et al., 1995) and that both α6β4 

and β1 integrins are involved (Muschler et al., 1999).

As evidence accumulated showing the critical role of the 

ECM in orchestrating tissue morphogenesis and function using 

animal models, primary human breast cells and tumor biopsied 

carcinoma cells were cultured in an EHS matrix, showing that 

this culture system recapitulates the growth behavior and the 

structural and functional differentiation of these cells in vivo. 

This work established a culture method that allowed the dis-

tinction of normal cells from cancer cells (Petersen et al., 1992). 

As the 1990s progressed, other researchers started testing 

3D organoid cultures of different origin. Mammary gland is not 

con�ned only to acini. To dissect the mechanisms underlying 

branching morphogenesis of the mammary gland we used small 

pieces of the gland of virgin mice that we referred to as or-

ganoids, within collagen gels. We showed that morphogenesis 

depends on the interplay of growth factors, morphogens, and 

matrix metalloproteinases (MMP; Simian et al., 2001). Previ-

ously, Montesano and collaborators had described the roles of 

hepatocyte growth factor and TGF-β on branching morphogen-

esis of clonally derived mammary epithelial cells in collagen I 

gels (Soriano et al., 1995, 1996). Both epimorphin (Hirai et al., 

1992) and MMPs were required for morphogenesis, but neither 

was required for proliferation. These results provided the �rst 

direct evidence for a crucial role of MMPs in branching in mam-

mary epithelium. A study in 2006 showed that tissue geometry 

determines the site of branching morphogenesis (Nelson et al., 

2006). Using a micropatterning approach to control the initial 

3D structure of mouse mammary epithelial tubules, it was de-

termined that tubules dictate the position of the branches by de-

�ning the local concentration of TGF-β that acts in this context 

as an inhibitory morphogen. Subsequently, a modi�ed 3D cul-

ture system for primary mouse mammary organoids using lami-

nin-rich ECM in 96-well plates to culture the organoids was 

established (Fata et al., 2007). This new system that enables the 

simultaneous examination of multiple treatments allowed the 

authors to establish that the interplay between growth factors, 

their spatial localization, and the duration of their activation as 

well as downstream effectors cooperate and regulate whether 

mammary branches initiate and/or elongate. To assess in real 

time the cellular behavior that leads to branching morphogene-

sis, the system described above was used to carry out long-term 

confocal time-lapse analysis (Ewald et al., 2008; Huebner et al., 

2016). The behavior of both the luminal and the myoepithelial 

cells was followed in real time, showing that mammary ducts 

elongate through a distinct type of collective epithelial migra-

tion, with no leading cell extensions or leading actin-rich pro-

trusions (Ewald et al., 2008). On the whole, these experiments 

showed that 3D culture systems are an excellent platform to 

unravel the underlying mechanisms of development, providing 

the opportunity to understand the context in which they remain 

normal or go awry and have an impact on disease development.

“While it is true that the usefulness of a culture 
system is increased by how far it is developed to 

mimic the in vivo situation, we use cultured  
cells because the in vivo events, in fact, are not 

well understood.” Bissell, 1981

Stem cells versus organoids

As the classical organoid �eld developed together with 3D cul-

tures, much progress was being made in stem cell biology. In 

1981, Evans and Kaufman (1981) established cultures of plu-

ripotent stem cells from in vitro cultures of mouse blastocyts. 

In 1996, the �rst neurosphere cultures were characterized from 

mouse embryos (Reynolds and Weiss, 1996). In 1998, Thomson 

et al. (1998) established human blastocyst-derived pluripotent 

cell lines. In the mammary gland �eld, Max Wicha and Gabriela 

Dontu based methodologically on Reynold’s work (Reynolds 

and Weiss, 1996) designed an in vitro cultivation system that 

allowed the propagation of stem cells from human mammary 
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gland and referred to them as mammospheres (Dontu et al., 

2003). They showed the previously hypothesized existence of 

mammary progenitors capable of differentiating into luminal, 

myoepithelial, or both cell lineages. When single progenitor 

cells were cultured at low density in Matrigel, they developed 

into functional ductal/acinar structures. Thus, stem cells iso-

lated either from embryos or from adult tissues could give rise 

to organoids. In 2009, Sato et al. (2009) used stem cells that 

express Leu-rich repeat–containing G protein–coupled recep-

tor 5 isolated from primary intestinal tissue and showed that 

these stem cells could clonally generate crypt–villus architec-

ture in 3D culture. Based on the mammary gland literature, 

these authors also used Matrigel to carry out their 3D cultures 

and supplemented them with factors required for the growth 

of intestinal epithelium. Crypt organoids were generated, con-

sisting of a central lumen lined by villus-like epithelium and 

several surrounding crypt-like domains (Sato et al., 2009). This 

methodology was then successfully used in cultures of stomach 

(Barker et al., 2010), pancreas (Huch et al., 2013a), colon (Sato 

et al., 2011), and liver (Huch et al., 2013b). Mouse and human 

embryonic stem cells have also been used to generate organ-

oids in a dish, such as polarized cortical brain tissues (Eiraku 

et al., 2008) and optic cups (Eiraku et al., 2011; Nakano et al., 

2012). Induced pluripotent stem cells, a breakthrough that took 

place in 2007, have provided an additional tool to study mor-

phogenesis (Takahashi et al., 2007; Yu et al., 2007; Park et al., 

2008). Lancaster et al. (2013) established a culture method that 

allowed the generation of cerebral organoids from induced plu-

ripotent stem cells derived from skin �broblasts from a patient 

with microcephaly. In a recent review, Kelava and Lancaster 

(2016) outlined the importance of the ECM and the microenvi-

ronment in the recent advances in organoid cultures of brain tis-

sues, implicitly demonstrating the relevance the last century has 

had in the current advances. In the context of the methodolog-

ical and experimental journey we have revisited in this article, 

we de�ne an organoid as a unit of function of a given organ that 

is able to reproduce, in culture, a biological structure similar in 

architecture and function to its counterpart in vivo. The origin 

of this unit is today multiple, as it can come from a fragment of 

tissue, a stem cell located in an adult organ, an embryonic stem 

cell, or an induced pluripotent stem cell. However, it is critical 

to remember that the relevance or necessity of stem cells to pro-

duction of organoids may be overstated to say the least. Even 

unselected single human breast cells were shown to be capable 

of making beautiful clonal acini, which of course are organoids 

when in 3D cultures, as early as 1992 (Petersen et al., 1992). 

Even more astonishing, single malignant breast cells under de 

right conditions can make phenotypically normal organoids that 

do not make tumors in animals (Weaver et al., 1997; Bissell and 

Hines, 2011). We should be mindful of claims of “stemness” 

being necessary for formation of organoids. The moral here is 

that when the right context is created, a single cell derived from 

a frozen mammary gland of a sheep can become a dolly! The 

complexity and paradoxes of biology are also its beauty, which 

never ceases to beckon us to go deeply in search of anwers. 

Exploiting the power of organoids:  

Future directions

Many of the discoveries described here have been overlooked 

in the oganoid literature in the past six years or so. Many sci-

entists have contributed to the technological development of 

systems allowing the culture of organoids from practically 

any mouse or human organ: It behooves those newcomers 

who publish under the title of organoids to familiarize them-

selves with the history and accomplishments of past pioneers, 

many of whom are no longer with us. This will allow a depth 

of appreciation that is needed to solve problems in develop-

mental biology, differentiation, mechanisms of the mainte-

nance of tissue-speci�c function, aging, and cancer. There is 

of course a lot more to do in this �eld. Exciting new platforms 

are currently being developed. The advances in biotechnology 

areas, such as tissue engineering, biomaterials, and micro- 

and biofabrication, have set the stage for the development of 

devices where microfabrication and micro�uidic technology 

are combined to support organoid culture and �uid �ow, en-

abling high-throughput testing, environmental sampling, and 

biosensing (Skardal et al., 2016). These technologies are cur-

rently being explored in a range of tissue types and could have 

signi�cant impact in medicine if attention is paid to functional 

differentiation and integrity of form and function maintain-

ance. At such time, these will be ready to be implemented not 

only in drug discovery but also in patient treatment. The fu-

ture will improve multi-organoid systems, also referred to as 

“body on a chip,” developing systems of increased biologi-

cal complexity, where multiple organoids derived from dif-

ferent tissues are brought together and allowed to integrate 

(Maschmeyer et al., 2015a,b).

The future is certainly going to have many ways to study 

organs in correct context. Whether we call these 3D cultures 

or organoids is like calling a rose by any other name. What we 

should keep in mind is that the essence is the same. The �eld 

has arrived and scientists now appreciate that “dimensionality” 

and context hugely matter. This �eld and this way of think-

ing will remain central in the development of new therapeutic 

strategies and in the advancement of personalized medicine. In 

studying 3D cultures and organoids, revisiting the past allows 

us to understand where we should be going.
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