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Abstract
AIM
To	 investigate	a	 suitable	 long-term	culture	 system	
and	optimal	cryopreservation	of	 intestinal	organoid	to	
improve	organoid-based	 therapy	by	acquiring	 large	
numbers	of	cells.

METHODS
Crypts	were	isolated	from	jejunum	of	C57BL/6	mouse.	
Two	hundred	crypts	were	cultured	in	organoid	medium	
with	either	epidermal	growth	factor/Noggin/R-spondin1	
(ENR)	 or	 ENR/CHIR99021/VPA	 (ENR-CV).	 For	

Submit a Manuscript: http://www.wjgnet.com/esps/
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.3748/wjg.v23.i6.964

964 February 14, 2017|Volume 23|Issue 6|WJG|www.wjgnet.com

World J Gastroenterol  2017 February 14; 23(6): 964-975
 ISSN 1007-9327 (print)  ISSN 2219-2840 (online)

© 2017 Baishideng Publishing Group Inc. All rights reserved.

ORIGINAL ARTICLE

Long-term culture-induced phenotypic difference and 
efficient cryopreservation of small intestinal organoids by 
treatment timing of Rho kinase inhibitor

Basic Study

Sung-Hoon	Han,	Sehwan	Shim,	Min-Jung	Kim,	Hye-Yun	Shin,	Won-Suk	Jang,	Sun-Joo	Lee,	Young-Woo	Jin,	
Seung-Sook	Lee,	Seung	Bum	Lee,	Sunhoo	Park



subculture,	organoids	cultured	on	day	7	were	passaged	
using	enzyme-free	cell	dissociation	buffer	(STEMCELL	
Technologies).	The	passage	was	performed	once	per	
week	until	 indicated	passage.	For	 cryopreservation,	
undissociated	and	dissociated	organoids	were	 resu-
spended	in	freezing	medium	with	or	without	Rho	kinase	
inhibitor	subjected	 to	different	 treatment	 times.	The	
characteristics	of	 intestinal	organoids	upon	extended	
passage	and	 freeze-thaw	were	analyzed	using	EdU	
staining,	methyl	 thiazolyl	 tetrazolium	assay,	qPCR	and	
time-lapse	live	cell	imaging.

RESULTS
We	established	a	 three-dimensional	 culture	 system	
for	murine	small	 intestinal	organoids	using	ENR	and	
ENR-CV	media.	 Both	 conditions	 yielded	 organoids	
with	 a	 crypt-villus	 architecture	 exhibiting	 Lgr5+	
cells	 and	differentiated	 intestinal	 epithelial	 cells	 as	
shown	by	morphological	 and	biochemical	 analysis.	
However,	 during	 extended	 passage	 (more	 than	 3	
mo),	a	comparative	analysis	revealed	that	continuous	
passaging	 under	 ENR-CV	 conditions,	 but	 not	 ENR	
conditions	 induced	phenotypic	changes	as	observed	
by	morphological	 transition,	 reduced	 numbers	 of	
Lgr5+	 cells	 and	 inconsistent	 expression	of	markers	
for	differentiated	 intestinal	epithelial	 cell	 types.	We	
also	 found	 that	 recovery	of	 long-term	cryopreserved	
organoids	was	significantly	affected	by	 the	organoid	
state,	i.e. ,	whether	dissociation	was	applied,	and	the	
timing	 of	 treatment	with	 the	Rho-kinase	 inhibitor	
Y-27632.	 Furthermore,	 the	 retention	 of	 typical	
morphological	 characteristics	of	 intestinal	organoids	
such	as	 the	crypt-villus	structure	 from	freeze-thawed	
cells	was	observed	by	live	cell	imaging.

CONCLUSION
The	maintenance	of	 the	characteristics	of	 intestinal	
organoids	 upon	 extended	passage	 is	mediated	by	
ENR	condition,	but	not	ENR-CV	condition.	 Identified	
long-term	 cryopreservation	may	 contribute	 to	 the	
establishment	 of	 standardized	 cryopreservation	
protocols	 for	 intestinal	organoids	 for	use	 in	 clinical	
applications.

Key words: Intestinal	organoid;	Rho	kinase	 inhibitor;	
Three-dimensional	 culture;	Cryopreservation;	Long-
term	culture
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Core tip: The	phenotypes	of	 intestinal	organoids	under	
epidermal	 growth	 factor/Noggin/R-spondin1	 (ENR)	
medium	were	maintained	over	a	long	duration,	whereas	
organoid	under	ENR/CHIR99021/VPA	medium	exhibited	
morphological	change,	reduced	numbers	of	Lgr5+	cells	
and	 inconsistent	expression	of	markers	 for	differen-
tiated	 intestinal	epithelial	 cell	 types	upon	extended	
passages.	We	also	demonstrated	an	efficacious	 long-
term	cryopreservation	method	for	 intestinal	organoids	
through	optimization	of	the	organoid	state	and	timing	

of	 treatment	with	 the	Rho	kinase	 inhibitor	Y-27632.	
Thus,	 the	 suitable	 long-term	 culture	 system	 and	
optimal	cryopreservation	of	small	 intestinal	organoid	
may	contribute	 to	 the	establishment	of	standardized	
cryopreservation	protocols	for	 intestinal	organoids	and	
subsequent	clinical	applications	of	these	cell	sources.

Han SH, Shim S, Kim MJ, Shin HY, Jang WS, Lee SJ, Jin YW, 
Lee SS, Lee SB, Park S. Long-term culture-induced phenotypic 
difference and efficient cryopreservation of small intestinal 
organoids by treatment timing of Rho kinase inhibitor. World J 
Gastroenterol 2017; 23(6): 964-975  Available from: URL: http://
www.wjgnet.com/1007-9327/full/v23/i6/964.htm  DOI: http://
dx.doi.org/10.3748/wjg.v23.i6.964

INTRODUCTION
The gastrointestinal (GI) tract is lined by a monolayer 
of epithelial cells that separates the intestinal lumen 
and underlying tissues. The epithelial cells of the small 
intestine are organized into villi and crypt structures. 
Intestinal stem cells (ISCs), which express leucine-
rich repeat containing G protein-coupled receptor 5 
(Lgr5), and their progenitors are located in crypts. 
ISCs generate daughter cells called transit-amplifying 
(TA) cells, which either return to stemness or dif-
ferentiate into a secretory epithelial cells lineage, such 
as Paneth cells, goblet cells, enteroendocrine cells, or 
enterocytes[1,2]. The GI tract is highly vulnerable to the 
external environment, such as radiation. Exposure to 
high levels of ionizing radiation induces the clonogenic 
loss of crypt cells and villus depopulation and leads 
to malabsorption of nutrients and impaired physical 
barrier function. The resulting breach in the GI barrier, 
accompanied by immune suppression, results in a high 
risk of life-threatening infection[3-5]. Many studies have 
been focused on understanding the mechanisms of 
radiation-induced gastrointestinal syndrome (RIGS). 
However, in vitro analysis of RIGS has been hampered 
by the lack of a suitable culture system.

Long-term maintenance of crypts in traditional 
two-dimensional (2D) cultures of primary intestinal 
crypts is difficult due to the poor survival of crypts 
in vitro[6,7]. Based on three-dimensional (3D) culture 
systems, long-term cultures in which crypts are 
able to differentiate and recapitulate normal crypt-
villus architecture have been established using crypts 
isolated from the mouse and human intestine using 
two different media[8,9]. Initial defined factors present 
in epidermal growth factor (EGF)/Noggin/R-spondin1 
(ENR) medium, which are associated with growth 
requirements of intestinal epithelium, include EGF to 
enhance intestinal proliferation, bone morphogenic 
protein antagonists to induce expansion of crypt 
numbers, and Wnt agonists to increase crypt prolifera-
tion[8,10]. Additionally, small molecule screening showed 
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that ENR/CHIR99021/valproic acid (VPA) (ENR-CV) 
medium, which was associated with enrichment of 
intestinal stem cells (Lgr5+) and growth of the intes-
tinal epithelium, included a combination of ENR 
components and small molecules, such as CHIR99021 
(a glycogen synthase kinase 3 inhibitor) and VPA [a 
histone deacetylase (HDAC) inhibitor][9]. Although both 
media can support the formation of organoid contain-
ing crypt-villus structures that recapitulate the native 
intestinal epithelium, there is little comparative study 
of the characteristics of the resulting cells, particularly 
after long-term continual passage.

In vitro expanded organoids have recently been 
applied to treat gastrointestinal diseases in preclinical 
models, supporting the establishment of potential 
organoid-based therapies for repairing damaged 
intestine[11,12]. Because clinical applications require 
large numbers of cells, it may be indispensable to in 
vitro expansion of organoids in long-term culture with 
retaining their initial characteristics. In addition, the 
cells should be capable of being preserved for pro-
longed periods, while maintaining cell functionality for 
off-the-shelf use. Cryopreservation may be an attrac-
tive technique for maintaining the functional properties 
and genetic characteristics of cells through long-term 
storage in order to facilitate the experimental and clini-
cal applications of cell-based therapies[13-15]. However, 
although various methods have been developed for 
cryopreservation of different types of stem cells, such 
as mesenchymal, hematopoietic, and pluripotent stem 
cells[16-18], protocols for cryopreservation of intestinal 
organoids have not been described. Therefore, it is 
necessary to develop an efficient method for optimal 
cryopreservation of cultured organoids.

In the present study, we performed quantitative 
assessments to compare the characteristics (e.g., cell 
morphological phenotype, proliferation, and composi-
tion of differentiated intestinal epithelial cell types) 
of small intestinal organoids subjected to long-term 
culture under two different media. We also sought to 
optimize the cryopreservation method by elucidation of 
the survival of cryopreserved small intestinal organoids 
through a combination of dissociation and treatment 
with a Rho kinase (ROCK) inhibitor during freezing. 
Our findings provided important insights into our 
understanding of 3D culture systems with similarities 
to the intestine and contribute to the establishment of 
standardized cryopreservation protocols for intestinal 
organoid for use in clinical applications.

maTeRIalS aND meTHODS
Isolation of small intestinal crypts from mice
All animal experiments were approved by the Animal 
Investigation Committee of the Korea Institute of 
Radiological and Medical Sciences in South Korea and 
were performed according to institutional guidelines 
and national animal protection laws. Isolation of small 
intestinal crypts from mice was conducted as described 

previously with some modifications[8]. Briefly, the 
jejunum (10 cm from the stomach) of C57BL/6 male 
mice (8-10 wk age, n = 4) was opened longitudinally, 
cut into 5-mm pieces, washed three times with cold 
phosphate-buffered saline (PBS), and incubated with 2 
mmol/L ethylenediaminetetraacetic acid (EDTA) in PBS 
for 15 min at 37 ℃. After removal of EDTA solution, 
the supernatant containing villi was replaced with cold 
PBS. Crypts were isolated from the basal membrane 
by vigorous hand shaking for 1 min. This procedure 
was repeated until enriched crypts could be observed 
in the supernatant using microscopy. After collection of 
isolated crypts from tubes by centrifugation, the crypts 
were resuspended in 2% D-sorbitol (Sigma, St. Louis, 
MO, United States) in PBS, passed through a 70-µm 
cell strainer (BD Biosciences, Heidelberg, Germany), 
and centrifuged at 100 × g for 3 min at 4 ℃. The pellet 
was resuspended in 10 mL basic medium [advanced 
Dulbecco’s modified Eagle’s medium/F12, 2 mmol/L 
L-glutamine, 10 mmol/L HEPES, 100 mg/mL strepto-
mycin, 100 U/mL penicillin, 1 mmol/L N-acetylcysteine, 
1% B27, and N2 supplement], and crypt numbers 
were counted using microscopy.

3D culture of crypts and organoid passage
The isolated crypts were cultured in organoid medium 
with either ENR or ENR-CV, as previously reported[8,9]. 
Two hundred crypts in 50 µL matrigel (BD Biosciences) 
were seeded in each well of a pre-warmed 24-well flat-
bottomed plate. Crypts were then incubated for 30 min 
at 37 ℃, and 500 µL of complete crypt culture medium 
was added. The ENR medium contained basic medium 
plus 50 ng/mL murine EGF (Invitrogen, Carlsbad, CA, 
United States), 100 ng/mL murine Noggin (Peprotech, 
Hamburg, Germany), and 500 ng/mL human 
R-spondin-1 (R&D Systems, Minneapolis, MN, United 
States), whereas the ENR-CV medium contained ENR 
medium plus 1 mmol/L valproic acid (Invitrogen) and 
10 µmol/L CHIR99021 (Invitrogen). The crypts were 
cultured at 37 ℃ in an atmosphere containing 5% CO2 
for the indicated number of days. The medium was 
changed every 2-3 d. For subculture, the organoids 
cultured on day 7 were passaged using enzyme-free 
cell dissociation buffer (STEMCELL Technologies Inc., 
Vancouver, BC, Canada). Briefly, cultured organoids 
were washed with cold PBS, and 500 µL cell dissocia-
tion buffer was added to the wells and incubated for 
5 min at 37 ℃. After washing with 0.1% BSA in PBS, 
dissociated organoids were passaged (a 1:5 ratio). 
Freshly prepared medium and Matrigel were then 
added for organoid culture. The passage of organoids 
cultured under ENR or ENR-CV medium was performed 
once per week until the indicated passage.

Cell proliferation and crypt viability
For analysis of cell proliferation in organoids by 
5-ethynyl-2′-deoxyuridine (EdU) staining, the cultured 
organoids on the indicated day were incubated with 
fresh medium containing 10 µmol/L EdU (Molecular 
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Probes, Eugene, OR, United States) for 30 min and 
then fixed in 4% paraformaldehyde in PBS overnight 
at 4 ℃. The fixed organoids were permeabilized with 
0.5% Triton X-100 for 1 h, and following steps were 
performed using a Click-iT EdU Imaging kit (Molecular 
Probes) according to the manufacturer’s protocol. 
Hoechst (1:2000) was used for nuclear staining to 
facilitate cell counting. Images were acquired using an 
immunofluorescence microscope (Olympus, Shinjuku, 
Tokyo, Japan). For quantitative analysis of growing 
organoids, cultured crypts were examined at the 
indicated time point under bright-field of microscope. 
Organoids exhibiting at least two budding structures 
in each group were counted. Experiments were per-
formed in triplicate. The data were expressed as the 
mean ± SD. For quantitative analysis of crypt viability 
after freezing and thawing, we performed methyl 
thiazolyl tetrazolium (MTT) assays as previously 
reported[19]. Briefly, on the indicated days, cultured 
organoids were incubated with 10% MTT (AMRESCO, 
Solon, OH, United States) for 2-3 h at 37 ℃. After cell 
lysis by treatment with 2% sodium dodecyl sulfate 
(SDS) and dimethyl sulfoxide (DMSO), the optical den-
sity (OD) value of the solution was measured at 562 
nm using a Synergy HT (BioTek, Winooski, VT, United 
States). Experiments were performed in triplicate. The 
data were expressed as the mean ± SD.

Immunofluorescence staining
For immunofluorescence staining, cultured organoids 
were fixed in 4% paraformaldehyde in PBS overnight 
at 4 ℃. After washing with PBS, organoids were 
incubated with PBS containing 1% BSA and 0.5% 
Triton X-100 for 1 h at room temperature, followed by 
incubation with primary antibodies against lysozyme 
1 (1:100; Abcam, Cambridge, MA, United States), 
mucin 2 (1:100; Dako, Carpenteria, CA, United 
States), or chromogranin A (1:200; Thermo Scientific). 
Fluorescein isothiocyanate (FITC)-conjugated goat 
anti-rabbit IgG or anti-mouse IgG (1:100; Invitrogen) 
was used as a secondary antibody. Images were 
acquired using a Zeiss 710 confocal microscope (Carol 
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Zeiss, Oberkochen, Germany) and analyzed by imag-
ing software (Olympus America, Center Valley, PA, 
United States).

Quantitative real-time polymerase chain reaction
Total RNA was prepared from raw crypts (freshly 
isolated crypts from mice) and cultured crypts using an 
RNase mini kit (Qiagen, Valencia, CA, United States) 
according to the manufacturer’s protocol. A total of 1 
µg of RNA was reverse transcribed using an AccuPower 
RT PreMix kit (Bioneer, Seoul, South Korea). Real-
time PCR was performed with FastStart Essential DNA 
Green Master Mix (Roche, Indianapolis, IN, United 
States). All reactions were performed in triplicate. 
mRNA expression was normalized to endogenous 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
expression and expressed relative to ENR-derived cells 
or raw crypts. The primers sequences are listed in 
Table 1.

Freezing-thawing of in vitro cultured organoids
For organoid cryopreservation, organoids cultured 
under ENR conditions were left intact or dissociated 
into single crypt-like colonies using enzyme-free 
cell dissociation buffer (STEMCELL Technologies 
Inc.). Undissociated and dissociated organoids were 
resuspended in freezing medium, e.g., 10% DMSO 
and 10% fetal bovine serum or recovery cell culture 
freezing medium (RCCFM; Invitrogen). To determine 
the effects of Y-27632, a specific inhibitor of ROCK 
(STEMCELL Technologies Inc.) on the recovery of 
organoids, organoids were treated with the ROCK 
inhibitor for different times, including pretreatment for 
30 min prior to freezing (before freezing), direct addi-
tion into freezing medium (during freezing), and post-
thaw treatment for 3 d (after thawing). After storage in 
liquid nitrogen for 1-3 mo, vials were quickly thawed, 
and thawed organoids were then cultured for 7 d.

Time-lapse live cell imaging
Live cell imaging was performed on a JuLi stage 
system (NanoEnTek, Seoul, South Korea). A culture 

Table 1  Primer sequences used in quantitative polymerase chain reaction analysis

Gene Primer sequences (5’-3’) Annealing temperatures (℃)

mLgr5 F ACATTCCCAAGGGAGCGTTC 60
R ATGTGGTTGGCATCTAGGCG

mLyz1 F GCCAAGGTCTACAATCGTTGTGAGTTG 60
R CAGTCAGCCAGCTTGACACCACG

mMuc2 F ATGCCCACCTCCTCAAAGAC 60
R GTAGTTTCCGTTGGAACAGTGAA

mChgA F CCCACTGCAGCATCCAGTT 60
R AGTCCGACTGACCATCATCTTTC

mALP F AACTCACCTCATGGGCCTCTT 60
R GGGTTTCGGTTGGCATCATA

mGAPDH F TCATCAACGGGAAGCCCATCAC
R AGACTCCACGACATACTCAGCACCG

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.
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dish placed on the microscope stage was covered with 
a chamber in 5% CO2 at 37 ℃. Images for the growth 
of crypts were an acquired at 60-min intervals. The 
data were processed using JuLi stage software v1.0 
(NanoEnTek).

Animal care and use statement
All procedures involving were reviewed and approved 
by the Institutional Animal Care and Use Committee 
of the South Korea Institute of Radiological and 
Medical Sciences in Korea, and performed according 
to the Guidelines for Animal Experimentation of Korea 
Institute of Radiological and Medical Sciences. The 
animals were acclimatized to laboratory conditions 
(23 ℃ ± 1 ℃, 12 h/12 h light/dark, 50% ± 5% humid-
ity and libitum access to food and water) for two, three 
or four weeks prior to experimentation. All appropriate 
protocols for study were taken to minimize pain and 
discomfort of animals.

Statistical analysis
Data are expressed as the mean ± SD or ± SEM of 
at least two independent samples. Statistical com-
parisons between groups were performed with two-
tailed Student’s t-tests or two-way analysis of variance 

(ANOVA) with Dunnett’s T3 tests. Differences with P 
values of less than 0.05 were considered significant.

ReSUlTS
Establishment of a small intestinal organoid culture 
system using ENR and ENR-CV media
In an attempt to establish a conventional culture 
for intestinal organoids using two different condi-
tions[8,9], freshly isolated crypts from the jejunum 
of C57/B6 mice were cultured in ENR or ENR-CV 
medium. Representative images of crypt growth into 
organoids are shown in Figure 1A. On day 1, crypts 
formed a round shape, called an enterosphere, and 
these structures became larger over time. Budding of 
enterospheres was observed beginning on day 3, and 
robust budding was observed on day 10, demonstrat-
ing a morphology typical of small intestinal organoids 
with a crypt-villus structure. We found that organoids 
cultured under ENR-CV conditions yielded increased 
budding length and size compared with those of 
organoids cultured under ENR conditions (Figure 1A). 
Consistent with the results of previous reports (Sato 
et al[8], 2009; Yin et al[9], 2014), ENR-based organoids 
exhibited proliferating cells within the crypt domains, 
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Figure 1  Establishment of small intestinal organoid culture under epidermal growth factor/noggin/r-spondin1 and epidermal growth factor/noggin/
r-spondin1-/CHIR99021/VPA conditions. Crypts were isolated from the small intestines of C57/B6 mice at ages 9-12 wk and were resuspended in growth factor-
reduced Matrigel. A: Time course of the growth of isolated crypts at passage 0 (P0) under two different culture media. Enterospheres formed on day 1, budding 
appeared on day 3, and robust budding was observed on days 5-10. Scale bars: 50 µm. B: Organoids were incubated with the thymidine analog EdU (green) for 1 h, 
and freshly isolated crypts were cultured for 6 d. Images were analyzed by fluorescence microscopy, and nuclei were double stained with Hoechst (blue). Scale bars: 
50 µm. C: Numbers of organoids grown in two different media for 7 d. Organoids exhibiting at least two budding structures in each group were counted. The data are 
shown as means ± SDs of triplicate experiments (bP < 0.01, Student’s t-tests).
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whereas proliferating cells were present throughout 
the organoids under ENR-CV conditions, as shown by 
EdU staining (Figure 1B). We further confirmed the 
effects of the ENR-CV medium on enhancement of cell 
proliferation within organoids by counting the numbers 
of organoids exhibiting at least two budding structures 
(Figure 1C).

Long-term culture induced phenotypic differences in 
organoids under ENR-CV culture conditions, but not 
ENR culture conditions
The two different types of medium used in this study 
have been shown to support long-term culture of 
intestinal organoids[8-10]. Thus, we aimed to confirm the 
long-term culture of organoids under our experimental 
conditions. As shown in Figure 2A, during continuous 
passage, the morphology of ENR-based organoids was 
constant, whereas the enhanced size and budding 
length of organoids in ENR-CV culture conditions were 
gradually diminished after passage 8 (P8). For a more 
extensive comparative analysis, we classified organoid 
into early phase (P0-4) and late phase (P8-12) based 
on morphological criteria, as shown in Figure 2A, and 

data are presented the mean of the sum of organoids 
from P0 to P4 or from P8 to P12 after performing two 
independent experiments with each passage.

To evaluate the characteristics of organoids at early 
and late passages, we analyzed the expression of 
Lgr5, known marker of ISCs[20], in organoids cultured 
in the two different media during continuous passage. 
At early passages, organoids cultured under ENR-CV 
conditions showed a dramatic increase in Lgr5 expres-
sion compared with that of organoids cultured under 
ENR conditions. These findings were consistent with 
a previous study showing that the expression level of 
Lgr5 was upregulated more than 3-fold in organoids 
cultured under ENR-CV conditions[9]. However, at later 
passages, Lgr5 expression under ENR-CV conditions 
was dramatically decreased to a level similar to that 
under ENR conditions. In contrast, Lgr5 expression 
levels in organoids cultured under ENR conditions were 
similar during both early and late passages (Figure 2B). 
Furthermore, reduced numbers of proliferating cells, 
which were generally positive for Lgr5, were observed 
in organoids cultured under ENR-CV conditions during 
the late phase, as observed by EdU staining (Figure 
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Figure 2  Phenotypic differences of intestinal organoids cultured under epidermal growth factor/noggin/r-spondin1-/CHIR99021/VPA or epidermal growth 
factor/noggin/r-spondin1 conditions upon continual passage. Organoids cultured for 7 d from freshly isolated crypt were split (1:4) and were cultured. Passage 
was performed once per week. A: Representative morphology of organoids cultured on day 7 under ENR or ENR-CV conditions upon continual passage. Scale bars; 
50 µm. B: Quantitative real-time polymerase chain reaction analysis of relative mRNA expression levels of markers for intestinal stem cells (Lgr5) in organoids at 
early passage (P0-4) or late passage (P8-12) after culture for 6 d under ENR or ENR-CV conditions. GAPDH was used as an internal control. The data are shown 
as means ± SEMs of two independent experiments (bP < 0.01, two-way analysis of variance with Dunnett’s T3 tests) and normalized to the value for the ENR 
condition. Note that the mean of the sum from each passage with triplicate experiments in the indicated early and late passages was used. C: Organoids cultured on 
day 6 at late passage (P10) were incubated with the thymidine analog EdU (green) for 1 h. Images were analyzed by fluorescence microscopy. Nuclei were double 
stained with Hoechst (blue). Scale bars: 50 µm. GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; ENR: Epidermal growth factor/Noggin/R-spondin1; ENR-CV: 
ENR/CHIR99021/VPA.
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2C). Consistent with these results, we also detected 
decreased number of colonies in organoids cultured 
under ENR-CV conditions upon continual passage, but 
not in those cultured under ENR conditions, as shown 
by low-magnification observation of morphology and 
counting of organoid colonies (Supplementary Figure 
1).

Next, we compared the compositions of intestinal 
epithelial cells in long-term cultured organoids under 
ENR and ENR-CV conditions. qPCR of intestinal 
epithelial marker expression showed that the expres-
sion levels of Lyz (a paneth cell marker), Muc2 (a 
goblet cell marker), ChgA (an enteroendocrine cell 
marker), and ALP (an enterocyte marker) were low 

and unstable under ENR-CV conditions compared with 
that under ENR conditions, similar to the expression 
of epithelial markers in primary raw crypts (Figure 
3A). Consistent with this, the result of immunostaining 
showed the reduced expression of some epithelial 
markers in organoids under ENR-CV conditions upon 
continual passage (Figure 3B). In contrast, no changes 
in these markers were observed in organoids cultured 
under ENR conditions (data not shown). Therefore, 
these findings suggested that ENR-CV culture condi-
tions could be susceptible to phenotypic alterations in 
organoids upon extended passage and may be less 
relevant to the in vivo composition of intestine cell 
types.
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Direct addition of the ROCK inhibitor Y-27632 into 
freezing media was superior for the recovery of 
cryopreserved organoids without dissociation
Recent studies have reported the use of continuously 
cultured intestinal organoids to treat GI disease in 
mice[11,12], suggesting that organoid-based therapy 
may have applications in repairing damaged intestines. 
In order to improve therapeutic technologies, we have 
examined the optimal conditions for cryopreservation 
of organoids. To explore the cryopreservation of 
cultured intestinal organoids under ENR conditions, 
we first performed freezing-thawing of undissociated 
and dissociated organoids using 10% DMSO, a tradi-
tional cryopreservative[21]. After 1 mo, cryopreserved 
organoids were thawed in medium and incubated for 7 
d. Organoids with a crypt-villus structure were visible 
from frozen stock only for undissociated organoids 
(Figure 4A), indicating that undissociated organoids 
showed better recovery from cryopreservation with 
10% DMSO compared with that of dissociated organ-
oids. Similar results were obtained from RCCFM (data 
not shown). We also extended the storage period of 
cryopreserved organoids up to 3 mo, which has been 
used for long-term cryopreservation in previous stu-
dies[21,22]. The viability of organoids was dramatically 
decreased, even in commercial freezing medium, in 
a time-dependent manner, as shown by MTT assays 
(Figure 4B).

The survival of various types of stem cells, including 
ISCs, is enhanced by ROCK inhibition during subcul-

ture[8,16]. In addition, ROCK activity and cytoskeletal 
phenotypes are almost completely inhibited by 10 
µmol/L Y-27632[23]. Thus, in this study, we aimed to 
further optimize the cryopreservation of cultured organ-
oids by examining the effects of Y-27632, a specific 
inhibitor of ROCK activity, on the recovery of organoids 
from cryopreserved stocks when added before freez-
ing, during freezing, and after thawing of organoids. 
By evaluating the densities of grown organoids after 
freezing-thawing, we found that direct addition of 
Y-27632 into freezing medium during freezing resulted 
in superior recovery compared with that of untreated 
organoids, organoids pretreated with Y-27632, or 
organoids treated with Y-27632 after thawing (Figure 
5A). Consistent with this, MTT analysis revealed 
that there was a higher rate of recovery from direct 
addition of Y-27632 during freezing (> 2.5 fold) upon 
cryopreservation, compare with that observed under 
other conditions (Figure 5B). We also observed similar 
effects of Y-27632 in commercial freezing medium 
when the drug was directly added during freezing (data 
not shown), and the typical organoid morphology with 
a crypt-villus structure was further confirmed by tracing 
the growth of organoids for 7 d after freezing-thawing, 
as shown by live-imaging analysis (Video data). In 
contrast to undissociated organoids, we did not observe 
improvements in dissociated organoids following treat-
ment with Y-27632 (Supplementary Figure 2). Taken 
together, these results suggested that the recovery of 
cryopreserved intestinal organoids was significantly 
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improved when the ROCK inhibitor Y-27632 was used 
for treatment of undissociated organoids rather than 
dissociated organoids during freezing.

DISCUSSION
Previous studies reported that long-term culture of 
intestinal organoids could be supported through either 
ENR or ENR-CV medium in a 3D culture system with a 
Matrigel matrix[8,10,12] , and in vitro cultured intestinal 
organoids may have applications in organoid-based 
therapy as shown in studies investigating the repair 
of damaged intestines in mice[11,12]. Here, we have 
extended these studies to determine a suitable long-
term culture system and optimal cryopreservation of 
small intestinal organoid. We found that the pheno-
types of intestinal organoids under ENR media were 
maintained over a long duration, whereas organoid 
under ENR-CV media exhibited morphological altera-
tions, reduced numbers of Lgr5+ cells and inconsistent 
expression of markers for differentiated intestinal 
epithelial cell types upon extended passages. We also 
identified an efficacious cryopreservation method 
for expansion of undissociated intestinal organoids. 
For undissociated intestinal organoids, direct addi-
tion of the ROCK inhibitor Y-27632 during freezing 
permitted superior recovery of crypts after long-term 
cryopreservation.

Using established cultures of intestinal organoids 
under two different media, we confirmed that the 
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characteristics of intestinal organoids under ENR-CV 
medium in the early passage were consistent with a 
previous report showing enrichment of Lgr5+ expres-
sion, enhanced organoid size and budding length, and 
rapid proliferating cells[9]. However, upon extended 
passaging under ENR-CV conditions, but not ENR 
conditions, we observed phenotypic changes, such as 
reduced size and budding length of organoid, accom-
panied by reduced expression of Lgr5, an ISC marker, 
and upregulation of Muc2, a goblet cell marker (Figures 
2 and 3). Although these findings are contradictory to 
the report by Yin et al[9] , who showed maintenance of 
Lgr5+ stem cells during long-term passage, our find-
ings were consistent with other reports demonstrating 
conversion of proliferating progenitors into secretory 
cells, along with loss of stem cells expressing Lgr5 
in the context of inhibited Notch signaling[24]. The 
Notch signaling pathway contributes to enhancement 
of Lgr5+ stem cell proliferation and suppresses the 
differentiation of these ISCs into secretory cells, such 
as goblet and enteroendocrine cells. In contrast, Wnt 
signaling is associated with the formation of paneth 
cells, which we found to be unaltered as shown by 
Figure 3A[25-27]. Thus, we analyzed the expression of 
Notch signaling-associated molecules, including Notch 
family members and Hes1, in ENR and ENR-CV cul-
tured organoids upon extended passage. However, the 
gene expression patterns were similar for organoids 
cultured under both conditions (data not shown). This 
suggested that the Notch signaling pathway was not 
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involved in the observed changes under our culture 
conditions. Interestingly, although the expression 
of Lgr5 in intestinal organoids cultured in ENR-CV 
medium was reduced to a level similar to that of ENR-
cultured intestinal organoids during late passages, 
indicating that these events may result from the 
reduced effects of small molecules, this relationship did 
not seem to be causal because the composition ratio 
of differentiated epithelial cells in long-term cultured 
intestinal organoids under ENR and ENR-CV conditions 
was not well correlated (Figure 3A). It is unclear why 
enhanced expression of Lgr5 was diminished upon 
continual passage in this study; however, a recent 
report demonstrated that loss of Lgr5+ stem cells is 
often observed as an unexpected side effect in patients 
treated with HDAC inhibitors[28]. Therefore, it is likely 
that changes in the phenotype and composition ratio of 
functionally differentiated cells in intestinal organoids 
under ENR-CVin long-term culture may be attributed 
to prolonged treatment with valproic acid, a known 
HDAC inhibitor[29].

In order to determine the mechanisms underlying 
RIGS at the cellular level, in-depth characterization of 
intestinal epithelial cells within in vitro cultured intesti-
nal organoids is necessary. A previous study compared 
the characteristics of these cells under two different 
media[9]. Moreover, our current findings further showed 
that both media could support the long-term culture 
of intestinal organoids, recapitulating the crypt-villus 
architecture in vivo with ISCs (Lgr5) and differentiated 
intestinal epithelial cells, consistent with previous 
reports[8,9]. Based on the comparative analysis in our 
study, including analysis of raw crypts, we found that 
the expression levels of most markers of differentiated 
intestinal epithelial cells in ENR-cultured organoid 
were higher than those in ENR-CV-cultured organoids, 
regardless of whether the organoids were cultured 
long term. Furthermore, upon continuous passaging, 
the expression levels of epithelial cell markers in intes-
tinal organoids under ENR conditions were constant 
and similar to the expression levels of corresponding 
markers in primary raw crypts, suggesting that ENR 
conditions may be appropriate for long-term culture 
of intestinal organoids and that the characteristics of 
ENR culture were relevant to determining the in vivo 
composition of small intestine cell types. Given that 
the specialized cellular niche plays an important role in 
the maintenance of intestinal homeostasis by creating 
a unique environment in vivo[30], our data emphasized 
that the ENR-based intestinal organoid system may 
be useful for analysis of the mechanisms of radiation 
induced-intestinal cell death and that results obtained 
from the ENR-CV culture system, particularly for long-
term culture, should be interpreted cautiously.

One of the most important findings in this study 
was that recovery of cryopreserved intestinal organoids 
was dependent on the timing of Y-27632 treatment 
and the absence of dissociation. We found that intact 
organoids, not dissociated organoids, were efficiently 

cryopreserved in the presence of 10% DMSO as 
standard components in slow-freezing protocols[15,21]. 
Among current cryopreservation methods, including 
slow or fast freezing (vitrification), conventional slow-
freezing protocols are generally effective in presence 
of DMSO as a cryoprotectant, are less labor intensive, 
and allow for handling of bulk quantities of cells[15,31]. 
However, DMSO is known to be toxic to tissues and 
cells and is considered an appropriate cryoprotectant 
for short-term storage owing to its time-dependent 
toxicity[31]. Indeed, we observed that low survival 
rates after freeze-thaw of cryopreserved organoids 
following extended storage (Figure 4). Importantly, 
however, addition of Y-27632 at the time of freezing 
improved the recovery of freeze-thawed intestinal 
organoids. Although Y-27632 is known to be a potent 
inhibitor of apoptosis and to facilitate the survival of 
dissociated stem cells during subculture including 
ISCs[8,16,32], we did not observe efficient recovery of 
cryopreserved intestinal organoids when dissociated 
organoids were treated with ROCK inhibitor directly 
into the freezing medium (Supplementary Figure 2). 
These differences may be explained by the toxicity of 
DMSO, which varies from cell type to cell type during 
cryopreservation[31].

Our live-imaging data indicated the characteristics 
of long-term cryopreserved intestinal organoids by 
tracing the growth of organoids having a typical 
intestinal organoid phenotype with a crypt-villus 
structure. Further studies are required to determine 
whether subtle genetic alterations can be induced by 
cryopreservation with the ROCK inhibitor Y-27632. In 
the present study, undissociated intestinal organoids, 
but not dissociated organoids, were effectively cryo-
preserved and propagated after long-term cryopreser-
vation by incorporating the ROCK inhibitor Y-27632 
directly into the freezing medium.

In conclusion, using a comparative analysis of the 
characteristics of long-term cultured small intestinal 
organoids under two different culture conditions, we 
demonstrated that ENR-CV condition, but not ENR 
conditions, induced phenotypic transition in in vitro 
cultured small intestinal organoids upon extended 
passaging. We also identified an efficacious long-term 
cryopreservation method for intestinal organoids 
through optimization of the organoid state and tim-
ing of treatment with the ROCK inhibitor Y-27632. 
This method may contribute to the establishment of 
standardized cryopreservation protocols for intestinal 
organoids and subsequent clinical applications of 
these cell sources.
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COmmeNTS
Background
Recent studies have suggested that in vitro cultured intestinal organoids can be 
introduced to manage gastrointestinal diseases, supporting the development 
of promising organoid-based therapies for repair of damaged intestines. To 
improve organoid-based therapeutic technologies by acquiring large numbers 
of cells for clinical application, it is essential for long-term maintenance of 
characteristics and optimal cryopreservation method of intestinal organoid.

Research frontiers
Two different media [epidermal growth factor/Noggin/R-spondin1 (ENR) and 
ENR/CHIR99021/VPA (ENR-CV)] can support the formation of organoid 
containing crypt-villus structures that recapitulate the native intestinal 
epithelium. However, there is little comparative study of the characteristics of 
the resulting cells, particularly after long-term continual passage. In addition, 
it has not been well described for optimal cryopreservation methods for 
maintaining the functional properties of intestinal organoids in order to facilitate 
the experimental and clinical applications of organoid-based therapies.

Innovations and breakthroughs
This is the first study to report a continuous passages-induced phenotypic 
difference of intestinal organoid under ENR-CV condition, but not ENR 
condition which is suitable to long-term culture. The authors also demonstrate 
that efficient long-term cryopreservation of organoids is associated with a 
combination of organoid state and timing of treatment with the Rho kinase 
(ROCK) inhibitor.

Applications
This study provide important insights into our understanding of 3D culture 
systems for intestine-related organs and contribute to the establishment of 
standardized cryopreservation protocols for intestinal organoids on application 
of organoid-based therapy.

Peer-review
The manuscript by Han et al described that phenotypes of mouse intestinal 
organoids under ENR media were maintained over a long duration, and 
organoids under ENR-CV media exhibited morphological alterations. They also 
found that adding the ROCK inhibitor Y-27632 during freezing benefits recovery 
of undissociated intestinal organoids after long-term cryopreservation. The 
manuscript is succinct and the conclusions are well supported by the data.
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