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Summary

An apparently simple method for generating human retinal organoids has been described by [1]. These investigators
cultured cell aggregates in free-floating condition after initially scrapping adherent cells. Their results showed that
newly elaborated morphologically well defined optic vesicles emerged within 7 days and were identifiable and could be
harvested [1].

Organoids arise from stem cells as three-dimensional self-assembled colloid-like objects inside the culture medium
(mimicking in vivo micro-environment) and these organoids carry with them the genetic composition (phenotype) of
their parent stem cells and organs. In addition, organoids express the genetic identity of their parental organs. This
characteristic has made them suitable for use in drug discovery (testing, efficacy and toxicity), modeling of tissue and
organ disease and for prophylactic studies. The molecular mechanisms (both enzymatic and signaling) by which organoids
are elaborated enable our understanding of the specificity with which precise tissue regeneration by these organoids
takes place. Therefore, gene transcription factors and their interactions with organoids become revisited. In this review,
we examine reports of studies which have concentrated on precision tissue regeneration (as observed in degenerative
disease conditions) and how (mechanistically) organoids have specifically or precisely effected in-situ gene expression
for desired regeneration.
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Introduction

Do organoids coexist with stem cells in their niche? If
yes, what roles are organoids playing inside stem cell nich-
es? These questions have occupied the minds of stem cell
scientists for a long time. Brain [2-4], heart [5,6], intestine
[7,8], skeletal muscle [9], stem cells have been identified and
shown to play the functional role of tissue replacement and
sustenance of specific tissue integrity [10-12] thereby provid-
ing tools for drug discovery and for studies on regenerative
medicine [13]. For example, hope has been raised in the po-
tential of stem cells [14] for use in therapy see reviews by
[15-18]. Proposed that stem cells are progenitor [19] cells
that (in appropriate medium) indefinitely self-renew and dif-
ferentiate thereby causing more specialized cells and tissue
to be produced. These investigators have studied stem cells
using methods involving morphology [19], marker expression
as observed by flow cytometry and fluorescence analysis, real
time polymerase chain reaction, and proliferation and differ-
entiation [18,20-22].

Organoid/Stem Cell Activities in Niche Micro-
environment

Earlier reports showed that neural stem cell microenvi-
ronment can become so complex making neurogenesis to be
associated with stem cells transformation to radial glial cells
and that the complexity of this microenvironment increases
due to the presence of neuronal progenitors, differentiat-
ed cells and extracellular signaling molecules see review by
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[23,24]. It has also been reported that cord blood-borne fi-
broblasts are capable of independent re-assembly and for-
mation of hematopoietic stem cell niche [25-27]. Stem cell
niche is reported to be associated with quiescence to enable
lifelong tissue maintenance and premature exhaustion pro-
tection see review by [28] and that mechanical forces oper-
ating in the niche center on transcription factors as well as
chromatin remodeling enzymes engaging in gene expression
see review by [29]. Stem cell microenvironment could there-
fore be a localized portion where cell identification for sorting
based on similarity, re-assembly, transformation into pre-or-
ganoids, organoidogenesis [12] and differentiation into new
tissues takes place [30,21].

Signaling within stem cell environment has been known
to be relevant to their proliferation, differentiation and sus-
tenance of these activities including process of transcription
and role of transcription factors [31-35]. In their review on
mechanisms of stem cell self-renewal, [36] stated that cell-ex-
trinsic signals from the niche microenvironment controlled
cell-intrinsic mechanisms thereby maintaining and controlling
stem cell functions in tissues. Therefore, it is imaginable that
the signaling relationship between stem cells in the niche and
those of stem cells in tissues remain sustained. Hematopoietic
stem cells [26], for example, have been described to be pres-
ent in an anatomical location described as the hematopoietic
stem cell niche see review by [37]. Signaling molecules have
been identified for neural stem cells within a microenviron-
ment and such signals as retinoic acid and fibroblast growth
factors [38] are included. In a culture medium containing
Activin A, mouse epiblast stem cells caused self-renewal of
epiblast stem cells through direct activation of Nanog (a tran-
scription factor) [39].

For organoids, the possibility of their satisfying the ex-
pectation of specific tissue regeneration has been reviewed
[40,41] for drug discovery and disease modeling [41-46]. Or-
ganoids of various stem cell types possessing the capability of
memory retention of the genetic composition of their organs
[10,47,48] have been identified and proposed to be poten-
tially useful in serving as a template for in-situ tissue regen-
eration [11,16,41,46,48] and for experimental purposes [41].
Organoids also ensure genomic stability [49,50]. Organoids
have been made from stem cells for many organs see editori-
al by [45]. These in-vitro generated 3D self-assembly of stem
cells which possess the three germ layer components [51]
have been described for the hematopoietic and endothelial
system [26,27,52], cardiomyocytes [5,6], human somatic cells
[53], intestine [7,8,10] and brain [2-4,11]. Specifically, organ-
oids of human origin have been generated and reported for
kidney [54], stomach [55,56], intestine [57], lung [58], brain
[11,59], and eyes [60] and these organoids have all shown
the major characteristics of organoids including genetic sim-
ilarity [61] and morphological resemblance of their parent
organ [61]. Organoids produced from skeletal myoblasts, re-
versibly secreted bioactive compounds and have been sug-
gested to be an improved method of muscle gene therapy
[30]. Various translational applications of organoids derived
from adult stem cells have been reviewed [41,62]. Also, stem
cell-derived self-organizing three-dimensional organoids are

thought to have a significant place in respiratory diseases
research and development [63]. Finally, from their review
of single-cell transcriptomics on organoids, [64] have sug-
gested that a merging of organoid and single-cell genomics
studies will augur well for precision medicine of tomorrow.
Therefore, application of organoid culture technology and
development to studies on cancer pathology and convention-
al pharmacological studies [17,65,66] will also augur well for
development of precision tissue regeneration.

Organoidogenesis and Signaling Pathways

The mechanisms for elaboration of organoids and their
inherent memory (recapitulation) of the genetic composition
of their organs [67,68] from within stem cell niches such as
the hematopoietic stem cell niche [22,37] or the spermatogo-
nial stem cell see (Figure 1) [14,19] may be determined and
explainable by recalling the process of transcription and how
transcription factors participate in development of stem cell
pluripotency. In the opinion of [51], presenting growth fac-
tors and signals to pluripotent stem cells creates opportunity
for differentiation and morphogenesis as well as consequent
organoidogenesis. These investigators also maintained that
Whnt, FGF and retinoic acid (RA) are some of the factors that
support patterning and morphogenesis [51] in stem cell de-
velopment. In a report based on their study of Wnt/b-Catenin
signaling during stem cell proliferation in Murine intestine,
[69] pointed out that Wnt/b-catenin signaling and stem cell
proliferation caused an increase [69] following depletion of
cystic fibrosis transmembrane conductance regulator (Cftr).
Again, starting with human embryonic stem cell derived in-
testinal organoids possessing gene expression patterns that
generated human duodenum or ileum depicting regional
specification of the developing human intestine [67], these
authors showed that active FGF and WNT signaling was asso-
ciated with organoids which possessed gene expression pat-
terns that generated human duodenum or ileum suggesting
regional specification of the developing human intestine [67].
By analyzing regulatory networks of murine small intestinal
organoids, [12] suggested that multifactorial mechanisms
may be involved in genetic rearrangement which gives rise to
inflammatory bowel disease.

In another study, [70] reported that receptor-interacting
protein kinase 3 was strongly associated with cellular mech-
anisms for reprogramming mouse embryonic fibroblast cells
into induced pluripotent stem cells elaboration making these
investigators to suggest that receptor-interacting protein
kinase 3 removal was associated with markedly reduced re-
programming of induced pluripotent stem cells [70]. It is ap-
parently suggested from here that in the presence of necro-
ptosis kinase (receptor-interacting protein kinase 3), both
programmed cell death and induction of reprogramming of
pluripotent stem cells take place (possibly simultaneously). A
specific study that relates transport nucleic acids to cellular
pathobiology can be found in [12] who reported that by pro-
filing mMRNA, microRNA and other RNA expression, they were
able to observe that differential differentiation of Paneth cells
and goblet cells contributed to aetiology of inflammatory
bowel disease.
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Figure 1: Illustrating position of organoids in organoidogenesis.

for higher than normal magnification.

Day 5: Proliferated SSCs. (3 steps of proliferation).

Day 7: Pre-organoids (post prompt for organoidogenesis. Cells are no longer spheroid).

Day 15: Organoids in culture (prompted with retinol, 2 steps of organoidogenesis).

Photomicrographs showing developmental days 0-5 were prepared using locally adapted Mezo stain [19,14] while those for days
above 5 were prepared using Evans Blue (Standard Fluka). Microscope eye piece was interfaced with a camera and computer output

The point of emphasis here is the role of identified sig-
naling process that initiates and/or supports stem cell pro-
liferation. Recall that stem cell proliferation precedes organ-
oidogenesis [10,11,22] because organoids are derived from
gene-signaling-directed self-assembly of like-stem cells. In a
study on the role of several signaling factors in niche-regulat-
ed stem cell renewal to give rise to elaboration of organoids
(enteroids from small intestine and colonoids from the co-
lon), these investigators described an in vitro organ-like cul-
ture system for growth and maintenance of human enteroids
and colonoids from the gastrointestinal tract [10]. In another
report, mass cytometry has been used for multiplexed sin-
gle-cell analysis of post-translational modification signaling
networks and the results showed the presence of cell-type
and cell-state specific signaling networks in stem cells during

development of intestinal organoids [71].

In liver organoids, paracrine signals of mesoderm origin
have been reported to support maturation of the hepatocyte
[72,73] have also reported hepatobiliary organogenesis in
which in-vitro elaborated hepatobiliary organoids recapitu-
lated and expressed structural and functional properties of
hepatic and biliary organs. They further stated that their lab-
oratory method did not involve use of exogenous cells or ge-
netic manipulation [73]. In a study of the causal relationship
between hematopoietic progenitors and erythropoiesis in
perivascular niche of bone marrow, [22] reported that one of
the reasons for the observation of LepR+ cells being one hun-
dred fold more frequent than hematopoietic stem cells was
the requirement of LepR+ derived stem cell factor for main-
tenance of c-kit+-restricted hematopoietic progenitors [22].
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These investigators further reported the possibility of cellular
specialization within the perivascular niche where endotheli-
al cell stem cell factor was mostly required for production of
hematopoietic stem cells [22]. Again, reversible loss of sig-
naling pathway secondary to age-related failure of regenera-
tive potential of mouse skeletal muscle fibro-adipogenic pro-
genitors has been reported [74]. These authors suggest that
transplantation of fibro-adipogenic progenitors sourced from
young animals reversed the pathology and could serve as a
treatment modality for purposes of myogenic rejuvenation.

Differentiation of human embryonic stem cells (hESCs)
into thalamic organoids has been reported [75]. These in-
vestigators also reported that RNA sequencing of single-cells
showed that thalamic organoids recapitulated development
of the thalamus. Similarly, it has been reported that organoid
system caused the differentiation of human pluripotent stem
cells into T cells, a process that is highly relevant to autol-
ogous T cell immunotherapy [76]. These researchers further
reported that their methodology was efficient for production
of functional, mature T cells from human pluripotent stem
cells.

Biochemical Mechanisms in Organoid Speci-
ficity

It is true that natural molecular biology mechanisms of
protein synthesis and macromolecule designing and fabri-
cation are also part of tissue repair process. [34] in an ear-
ly review article have observed that microRNA pathway
components in nuage (a germline organelle) are necessarily
required for MicroRNAs (thought to regulate post-trascrip-
tional gene expression) regulatory function. However, using
organoids in experimental tissue repair studies provides an
opportunity for further understanding of the “central dogma
of molecular biology”. In the review on organoid engineering
arising from stem cells, [77] proposed that in vitro re-creation
of processes involved in human morphogenesis can lead to
creation of tissue-like structure formation [77]. Similarly, [78]
in their own review have suggested that biochemical and
biophysical properties of engineered matrices are adjustable
to supporting development and maturation of organoid cul-
tures. In vitro generated skeletal muscle organoids have long
been suggested to be a possibility for use as gene therapy and
this suggestion arose from the observation of reversibility of
the effects of experimentation in gene therapy [30]. Nicotin-
amide riboside (NAD+ potentiating agent) has been reported
to decrease mitochondrial activity by increasing its clearance
thereby markedly increasing hematopoietic stem cell progen-
itor pool [79] and these investigators suggested the potential
use of nicotinamide riboside in management of hematologi-
cal failure secondary to chemotherapy or radiotherapy [80].

Lewis, et al. [80] have reported that organoids retained
the biological clock of the cell and is measurable using epigen-
etic clock (biomarker). The possibility of organoids deploying
innate biochemical mechanisms for achieving this observed
retention exists. These investigators reported that DNA meth-
ylation patterns manifested gastrointestinal segment-related
differences and that stem cell enriched organoids from the
small intestine and those from the colon deferentially ex-

pressed epigenetic age [80]. Here, we find that the earlier
reports on possible biochemical mechanisms (especially sig-
naling) of organoid functionality holds [51,67,69].

Organoids and Tissue Regeneration

In-situ tissue regeneration or tissue transplantation tech-
nology has become necessary because of high demand for
replacement. For this and other reasons, organoid formation
from stem cell self-reorganization has recently become topi-
cal and reports are beginning to emerge on advancement of
this technology. Small cystic organoids have been used for
the generation of in vitro macroscopic intestinal tubes [81].
These investigators started with cultured mouse intestinal
stem cells that gave rise to epithelial organoids which self-
aligned and fused to form macroscopic hollow structures
reminiscent of intestinal tubes [81]. Again, patient-derived
neurons and organoids have been suggested to be useful in
drug testing and in comprehension of pathogenesis of Par-
kinson’s disease [82]. Similarly, starting with human embry-
onic stem cell-derived intestinal organoids, [67] showed that
active FGF and WNT signaling was associated with organoids
possessing gene expression patterns that generated human
duodenum or ileum depicting regional specification of the de-
veloping human intestine [67]. Likewise, [21] have reported
that epithelial cells originating from the lung could be grown
in appropriate culture medium to result in organoids and this
process can be done for human or mouse lungs.

Mouse mammary organoids derived from basal mammary
epithelial cells were capable of milk-production and could be
used for research purposes [83]. In the report of [30], organ-
oids produced from skeletal myoblasts secreted marked lev-
els of human growth hormone when subcutaneously admin-
istered and this result led these investigators to suggest that
the organoid production and administration process was an
advantageous form of gene therapy for skeletal muscle [30].
In their report of literature review, [84] stated that adult stem
cell organoids derived from healthy or diseased epithelium of
many organs obtained from malignant, hereditary and infec-
tious diseases patients have been useful in drug development
studies which may be beneficial towards development of per-
sonalized and regenerative medicine.

Putting to question the reproducibility of cortical organ-
oid generation, [85] elaborated cortical organoids from many
stem cell lines for more than one hundred days and conclud-
ed that the consistency and reliability of their methodology
would be required for future production for disease modeling
and massive differentiation studies [85]. Brain organoids from
stem cells and their relevance in advancement of neurobiolo-
gy [74], and the generation of intestinal organoids [8,86] have
been reviewed.

Temporal relationships have been identified during or-
ganoid elaboration and fate determination. For example,
in a study of the transformation from endoderm through
hindgut spheroids to mature organoids, [87] reported that
13% of observable spheroids turned out to be pre-organoids
which later matured to become intestinal organoids. These
authors further reported a variation in cell number, diame-
ter and morphology of spheroids. In considering diameter
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and morphology of spheroid inner mass, they concluded that
spheroid diameter and inner mass are enriching factors for
intestinal spheroid maturation [87]. Again, it has been shown
that a time-dependent effect manifests when human embry-
onic stem cell-derived intestinal organoids are in contact with
active FGF and WNT and a B-catenin stabilizer signaling, and
that duration of exposure to the signaling process determines
whether human duodenum-like or ileum-like producing or-
ganoids are elaborated [67].

The possibility of formulating organoids and or stem cel-
lular materials including biomaterials [47,88,89] and cytoceu-
ticals see review by [90] into treatment regimens is gradual-
ly becoming realistic. Cytoceuticals derived from biological,
non-biological or a combination of both may become readily
available and possibly abundant in this decade subject to pos-
itive efficacy results from clinical trials. Exciting potentials of
organoid technology and its applications in bench and clin-
ical settings have been extensively reviewed by [62]. Other
reviews [30,41,47,89] also agree that various potential clini-
cal applications of organoid technology was worth the effort
in laboratory development. In a review on the possibility of
developing salivary gland organoids from stem cells for the
treatment of glandular hypo-function and xerostomia (dry
mouth syndrome) [89] pointed out that a possible strategy
lies in transplantation of autologous epithelial stem and pro-
genitor cells of salivary gland origin. Similarly, human T cell
differentiation (as in thymopoiesis) has been suggested to
be a strong potential in the search for stem-cell-based engi-
neered T cell therapies [91]. Again, the possibility of organ
fabrication using synthetic or natural biomaterials especially
a person’s body cells as an intervention strategy to stop-gap
supply and demand differences in organ transplants for the
future has been suggested [88].

Now, these possibilities in cellular genetic and macromo-
lecular rearrangements leading from stem cells to organoids
for the purposes of effecting tissue regeneration and correct-
ing disease-related degeneration can be reviewed from the
viewpoint of cellular and tissue mis-arrangement that gives
rise to disease. For example, [92] studied gastrointestinal or-
ganoids generation from crypt stem cells of healthy controls
and those of patients with celiac disease and reported distinct
dissimilarities in the phenotypes of organoids as well as signif-
icant variations in genetic material expression between these
two groups. These investigators concluded that a differential
gene expression during epithelial-mesenchymal transition
existed among the two study groups and that this differen-
tial organoid gene expression might be responsible for the
deranged crypt and villus axis in the pathogenesis of celiac
disease [92]. Organoids of liver origin made from induced
pluripotent stem cells for multiple species are now available
for experimental medicine research [93]. Following a review
of several literature materials, the possibility has been sug-
gested that optimized treatment strategies may be targeted
for an individual patient [94] using organoids. Using organoid
CRISPR/Cas9 (a defense mechanism of bacteria) precision ge-
nome editing technology, [68] as well as [84] have stated the
possibility of accurately integrating exogenous DNA sequenc-
es at gene positions chosen by the investigator. Therefore,

gene therapy in the near future will be boosted by such gene
manipulation technologies. The report by [95] has character-
ized oral mucosa organoid as being useful in prevention, diag-
noses, potential treatment of cancer and in pharmacological
screening processes [95]. These recent reports when put to-
gether clarify the establishment of a new human disease and
treatment model system.
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