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INTRODUCTION

Organoids are a new research tool with remarkable
basic and translational potential [1-6]. Once loosely de-
scribed as “that which resembles an organ,” organoids
recently have been defined as a collection of organ-spe-
cific cells types developing from stem cells or induced
pluripotent stem cells. These cells self organize to re-
semble the inner architecture of the organ from which
they were derived [1]. Most of our present knowledge
about organoid generation and function stems from ep-
ithelium focused research. Cells derived from intestines
will assemble to form crypt-villus structures with central
lumens [7], while cells from the optic cup assemble into
organoids with the unique structure of the optic cup [8].

The cells have the engrained memory to reassemble the
structures from which they were derived. To be defined
as an organoid, the arranged cells also must perform a
function specific to their corresponding organ.  Intestinal
organoids absorb and secrete fluids [9], and liver
organoids produce and secrete albumin [10]. These prop-
erties make organoids excellent model systems for un-
derstanding the development of organs and their diseases.
Organoids also can be used therapeutically to test drug
efficacy [11] and toxicity [12,13] and have potential for
human organ replacement [1,11-14] (Figure 1).

Cell biology, toxicity testing, and cancer research all
rely on cell culture models [15,16]. Polarized cells, cultured
as flat sheets (2-D) on filters, were used to define key trans-
port properties of epithelia through techniques that include
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RevIeW

Organoids have tremendous therapeutic potential. They were recently defined as a collection of organ-spe-
cific cell types, which self-organize through cell-sorting, develop from stem cells, and perform an organ
specific function. The ability to study organoid development and growth in culture and manipulate their ge-
netic makeup makes them particularly suitable for studying development, disease, and drug efficacy.
Organoids show great promise in personalized medicine. From a single patient biopsy, investigators can
make hundreds of organoids with the genetic landscape of the patient of origin. This genetic similarity
makes organoids an ideal system in which to test drug efficacy. While many investigators assume human
organoids are the ultimate model system, we believe that the generation of epithelial organoids of compara-
tive model organisms has great potential. Many key transport discoveries were made using marine organ-
isms. In this paper, we describe how deriving organoids from the spiny dogfish shark, zebrafish, and
killifish can contribute to the fields of comparative biology and disease modeling with future prospects for
personalized medicine. 
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short circuit measurements using the Ussing chamber, which
allows drugs and agents to be applied from both basolateral
(serosal) and apical (mucosal) sides and patch clamping of
these polarized cells to determine the properties of ion chan-
nels. Cell culture has drawbacks, however [17]. Normal cell
lines, such as human mammary epithelial lines (HMeC†),
cannot be passed infinitely and vary genetically due to
telomere attrition senescence [18]. Similarly, hepatocytes in
culture have not shown long-term expansion [19,20]. 

When permanent cell lines are established from kid-
ney epithelia (MDCK cells, LLC-PK1 cells, HeK cells,
A6 cells) they have abnormal numbers of chromosomes
and physiologic characteristics not present in the tissue of
origin. One solution to this problem is using differentiated
human embryonic stem (heS) cells and human induced
pluripotent stem (hiPS) cells; however, heS and hiPS are
genetic and epigenetically unstable [21-24].

Organoids made from epithelial cells hold numerous
advantages compared to classic cell culture. A single
mouse lung or a biopsy from a patient provides an inex-
haustible source of epithelia cells when cultured three di-
mensionally as organoids. Organoids stemming from a
single tissue have been passed over 55 times with genetic
stability, making them useful for high throughput studies
and personalized medicine, as researchers can conduct
tests on organoids in which the genome reflects that of the
patient [9,25,26]. 

The epigenetic and genetic stability of organoids can
be attributed to their growth in 3-D culture and their stem
cell-like properties [25]. The media in which organoids
are cultured imitates the environment auxiliary cells, such
as Paneth cells, created for stem cells intestinal crypts
[4,7,9]. A cocktail of tissue-specific growth factors is
needed to culture organoids of different organs (Table 1).
In the presence of growth factors, hepatic organoids can be
cultured for over 12 months with weekly passaging. With-
out these factors, organoids deteriorate after one week
[27]. The genetic stability during continuous passaging as
well as the closer resemblance to an in vivo environment
that organoids provide has attracted many research groups
to develop organoid culture protocols. Organoids have
been cultured from the thyroid [28], lung [29], pancreas
[2,30], liver [27], stomach [31,32], tongue [33], intestine
[4,7,9,34], heart [35-37], retina [38], prostate [39], kidney
[40-42], and brain [43] of humans. 

Organoids generated from all of these organs have the
potential to help investigators and physicians customize
treatments. In the Netherlands, researchers developed large
bio-banks of intestinal organoids from the rectal biopsies of
cystic fibrosis (CF) patients, replicating the exact genetic
defect causing the patient’s CF [9]. CF results from a lack
of Cl- and HCO3- transport through an adenosine 3′, 5′-
cyclic monophosphate (cAMP)-Protein kinase A (PKA)
regulated Cl− channel, named CFTR, expressed in the api-
cal membrane of many epithelial tissues [44]. Organoids
made from wild-type patients without CF express CFTR,
which secrete anions and fluid into the organoid’s lumen,
causing swelling. To enhance this CFTR-dependent
swelling, organoids can be stimulated with the adenylyl cy-
clase activator, forskolin. Organoids with mutated CFTR
show much less swelling, and organoids from CFTR
knockouts maintain their initial size [4,7,9,45]. Response to
drugs among patients with cystic fibrosis varies, even
among groups with similar genetic mutations [46]. Apply-
ing the forskolin-induced swelling (FIS) assay on CF rec-
tal organoids from biopsies that have been exposed ex vivo
to various drugs will allow researchers to identify effec-
tive combinations of CFTR correctors for each patient [45].
Colonic organoids also have been used to pre-select opti-
mal drug cocktails to treat patients with colorectal cancer
[47]. Organoids generated from humans allow researchers
to personalize treatment plans for their patients. While this
customizability appears extremely attractive, these
organoids are only as effective as the drugs that have al-
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Figure. 1. Key events in the history of various
organoid methodologies. From: Lancaster MA,
Knoblich JA. Organogenesis in a dish: modeling develop-
ment and disease using organoid technologies. Science.
2014;345(6194):1247125. Katharine Sutliff/Science.
Reprinted with permission from Science.



ready been created. Diseases such as CF do not have a wide
variety of therapeutic options or underlying mechanisms
that are completely understood. 

The Danish physiologist August Krogh, winner of the
Nobel Prize in Physiology in 1920, called the scientific com-
munities’ attention to the benefits of model organisms. His
principle theorem states, “For a large number of problems
there will be some animal of choice, or a few such animals,
on which it can be most conveniently studied” [48]. This
concept has been central to disciplines such as comparative
physiology and functional genomics. While many assume
that human organoids are the ultimate model system, par-
ticularly for the purpose of modeling epithelial systems in
order to understand and treat diseases such as CF, organoids
of comparative model organisms have great potential. Many
key transport discoveries came from studying marine or-
ganisms as model systems. In 1929, e.K. Marshall used the
aglomerular goosefish and toadfish to demonstrate tubular
epithelial secretion [49]. Homer Smith used the kidney of
the aglomerular goosefish to further knowledge of renal
physiology [50]. The chemical nature of the glomerular fil-
trate was first discovered in studies of the frog by A.N.
Richards through renal micropuncture experiments [51].

Marine model organisms continue to be of great in-
terest for modeling development and disease. The shark
rectal gland (SRG) of the spiny dogfish shark (Squalus
acanthias) [52,53], the intestine of the zebrafish (Danio
rerio) [54,55], and the operculum of killifish (Fundulus
heteroclitus) are currently used in functional studies of the
cystic fibrosis transmembrane conductance regulator
(CFTR) chloride channel, which is defective in the human
genetic chloride channel disease cystic fibrosis (CF).
While important findings have come from studies using
these model organisms, we propose that future research
could be expedited and more finely controlled if done with
organoids isolated from comparative model species. 

Organoids allow for study of auto-regulation of the ep-
ithelium without complex effects of other homeostatic regu-
lators in the body. This enables separation of extrinsic versus
intrinsic factors on organ function and pathology in a realis-
tic model. Beyond chicks and mice, limited research has been
done on developing organoids from comparative model or-
ganisms. To our knowledge, organoids have not yet been gen-
erated from marine species. In this review, we outline the
advantages of deriving organoids from the spiny dogfish
shark rectal gland, zebrafish intestine, and killifish opercu-
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Table 1. Growth Factors and Culture Medium for Human Organoids.

Hepatic Organoids [25]

DMEM/F12
AdDMEM/F12 (Invitrogen) 

1% N2 and 1% B27 (GIBCO)

1.25 mM N-Acetylcysteine
(Sigma)

10 nM gastrin (Sigma)

50 ng/ml EGF (Peprotech)

10% RSPO1 conditioned
media (homemade)

100 ng/ml FGF10 (Peprotech)

25 ng/ml HGF (Peprotech)

10 mM Nicotinamide (Sigma)

5 uM A83.01 (Tocris)

10 uM FSK (Tocris)

Noggin (Peprotech)

30% Wnt CM (homemade)

10 uM (Y27632, Sigma
Aldrich)

Matrigel

Intestinal Organoids [9]

DMEM/F12

penicillin and streptomycin

10 mM HEPES

Glutamax N2, B27 (all from Invitrogen)

1 μM N-acetylcysteine (Sigma) 

50 ng ml−1 mouse epidermal growth
factor (mEGF)

50% Wnt3a-conditioned medium
(WCM)

10% noggin-conditioned medium
(NCM)

20% Rspo1-conditioned medium

10 μM nicotinamide (Sigma)

10 nM gastrin (Sigma)

500 nM A83-01 (Tocris)

10 μM SB202190 (Sigma)

Matrigel

Brain Organoids [43]

low concentration basic fibroblast growth fac-
tor (4 ng ml−1)

50 μM Rho-associated protein kinase (ROCK)
inhibitor49 (Calbiochem)

100 N2 supplement (Invitrogen)

Glutamax (Invitrogen)

minimum essential media-nonessential amino
acids (MEM-NEAA)

1 μg ml−1 heparin50 (Sigma)

1:1 mixture of DMEM/F12

1:200 N2 supplement (Invitrogen)

1:100 B27 supplement without vitamin A (Invit-
rogen)

3.5 μl l−1 2-mercaptoethanol

1:4,000 insulin (Sigma)

1:100 Glutamax (Invitrogen)

1:200 MEM-NEAA

B27 supplement with vitamin A (Invitrogen)

Matrigel



lum. Organoids from these three model organisms have the
potential to be used in functional studies exploiting FIS assay.

SRG OF SPINY DOGFISH SHARK
The shark rectal gland has been used for decades as a

model organism for epithelial transport, particularly of
chloride [56,57]. SRG has the highest concentration of
sodium: potassium: 2 chloride co-transporter (NKCC1),
Na-K-ATPase, and CFTR recorded in the literature. These
properties have led to many significant discoveries, many
of which were made at Mount Desert Island Biological
Laboratory [56,58-64]. The lab’s location on the coast
makes research on spiny dogfish shark possible during
summer months. In order to bring properties of the SRG
rectal gland to labs across the world, multiple attempts
were made to establish cell lines isolated from the SRG.
Despite continuous efforts, a permanent cell line has not
yet been established [65], leading to our attempt to expand
ex vivo non-transformed SRG epithelial cells by generat-
ing organoids and to use them in the FIS assay.

Our attempt to generate these organoids from native rec-
tal gland of the spiny dogfish shark was based on the protocol
reported by investigators at the University of Utrecht and Uni-
versity of Rotterdam for establishing organoids from murine
and human intestine and lungs [9,66]. Temperature, growth fac-
tors, salt concentration, and osmolality were adapted to mimic

the cellular environment of the more primitive dogfish shark.
Many of these adaptations were done blindly as much less is
known about the location and function of stem cells of the SRG
than that of the human or murine intestine or lung (Figure 2). 

While the development of the SRG organoid is still in its
nascent stages, through our attempts, we have realized that the
benefit of the organoids, derived from a model organism such
as the dogfish shark, extends far beyond becoming independ-
ent of a fresh source of the species. They will allow for com-
parative physiology between different species and genetic
manipulation of the donor organisms, creating new disease
models for CF and other ion transport diseases.

INTESTINE OF THE ZEBRAFISH
Unlike the spiny dogfish shark, the zebrafish has a

genome that has been sequenced, making it easier to identify
the growth factors necessary to generate organoids [67]. Fur-
ther, the zebrafish intestine is analogous to the human intes-
tine with segmentation of the small and large intestine. The
zebrafish recently has been proposed as a model for inflam-
matory bowel diseases (IBDs), as it resembles the human in-
testine in key ways. It displays innate and adaptive immunity,
an epithelial barrier, and microbiota [54]. Murine and human
intestinal organoids have already been identified as a prom-
ising system for IBD research [34]. One important advantage
of extending such studies to the zebrafish relies on its poten-
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Figure 2. Procedure and Uses of Organoids from Comparative Model Organisms. Sacrifice of a dogfish shark
provides a rectal gland. The gland is minced into SRG tubular cells, which are suspended in Matrigel. Organoids of
the SRG are generated and passed continuously with high genetic stability. These organoids can be studied using the
FIS assay. The CRISPR/Cas9 system can be used to put CFTR-/- or F508del-CFTR 508 into the organoids to exam-
ine if the SRG organoids will develop CF or if other amino acids in the shark channel could provide the function of the
missing amino acids. 



tial for in vivo genetic manipulation. Gene expression of ze-
brafish, unlike that of previously used mouse models, can be
easily altered using morpholino antisense technology [68].
In this way, zebrafish could be genetically engineered to
down-regulate components of the immune system (IBD-rel-
evant) or to create a CF fish model (using CFTR-directed
morpholinos). Alternatively, organoids from wild-type ze-
brafish could be used to create CFTR mutant organoids or
other CF-relevant models using the CRISPR-Cas9 technol-
ogy for genetic engineering [7]. We hypothesize that
organoids derived from those zebrafish would show impaired
swelling in the previously described FIS assay. Bagnat et al.
demonstrated that zebrafish are a forward genetics model to
study CFTR biology, both translatable to mammalian mod-
els and useful for the identification of novel regulators of
CFTR [69]. We can reasonably argue that organoids isolated
from zebrafish would show these traits and provide a more
detailed understanding of the CFTR mechanism of action.

OPERCULUM OF THE KILLIFISH
Another organ of a small marine organism that, if suc-

cessfully reproduced in organoid cultures, would likely
show significant swelling in the FIS assay is the opercu-
lum of the killifish. The killifish tolerates fresh and salt

water by regulating CFTR chloride secretion by its gill
and operculum. Gill epithelial cells create a Na+ gradient
across the basolateral membrane using the Na+-K+ -AT-
Pase. This gradient allows cells to take up chloride across
the basolateral membrane through the N-K-C-C1 co-trans-
porter. The Cl- is secreted across the apical membrane by
the CFTR channel. Chloride secretion results in apical
negative transepithelial voltage allowing Na+ secretion by
the paracellular pathway. Salinity increases result in a two-
pronged response in killifish. The acute response is move-
ment of CFTR from an intracellular pool to the plasma
membrane of the operculum [70]. The long-range re-
sponse is to up regulate expression of the CFTR gene. 

These responses combine to allow the killifish to sur-
vive in environments of up to 360 percent salinity [71]. We
hypothesize that the FIS assay on organoids generated from
the killifish operculum at different salinities would show dif-
ferent amounts of swelling, as the amount of Cl- secretion
would change. This study would directly measure function of
and confirm the cell surface biotinylation and western blot
analysis (indirect measures of function) previously done to
determine the amount of CFTR in the plasma membrane of
the operculum [70] and could be done on a much larger scale.

Another option to create interesting new in vitro mod-
els of the killifish operculum is through genetic manipu-
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Figure 3. Future Steps of Organoid Development from Comparative Model Organisms.



lation of the organoids. A previous limitation of killifish
research was the paucity of feasible genetic approaches.
For example, researchers studying CFTR killifish
recorded an increase in serum and glucocorticoid — in-
ducible kinase (SGK1) mRNA and protein just prior the
increased expression of CFTR at the plasma membrane of
killifish. However, a definitive correlation could not be at-
tributed to SGK1’s effect on CFTR because no SGK1-in-
hibitors, siRNA for killifish, or transgenic killifish have
been developed. The researchers developed a morpholino
to be injected in vivo, which confirmed SGK1’s involve-
ment in the acute trafficking of CFTR from intracellular
vesicles to the plasma membrane in gill mitochondrion
rich cells of killifish during acclimation to seawater. How-
ever, this study involved the synthesis of specific mor-
pholinos as well as western blots on injected killifish to
determine CFTR concentration [72,73]. The FIS assay in
killifish organoids modified to a CF version using
lentivirus-shRNA or CRISPR/Cas9 technology would
likely provide a more efficient approach to study the role
of CFTR in salt-water adaptation. Moreover, frozen
organoids, in contrast to native tissues, could be shared by
marine laboratories worldwide and would make research
on marine animals less dependent on local facilities and
expertise. 

CONCLUSIONS
Organoid protocols have been developed only for mam-

malian systems [2,4,7,9,27,28]. Model marine model or-
ganisms have vastly improved the understanding of many
principles of transport [44-51,55-63,68,71]. We believe that
organoids of model organisms will allow for a fuller under-
standing of the mechanisms of epithelial systems — allow-
ing us to monitor auto-regulation of these systems and
monitor their real time development. 

We owe many groundbreaking findings to model or-
ganisms, and we do not suggest organoids as a replacement
for model organisms. We do, however, want to urge col-
laboration between the rapidly growing research world of
organoids and those researchers using model organisms
(Figure 3). The control, convenience, construction, and con-
sistency that organoids provide, combined with the unique
properties model epithelial organisms possess, would likely
lead to a better understanding of epithelial systems and dis-
eases. 
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