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Abstract Cell-cell contacts and interactions between pancreatic
β-cells and/or other cell populations within islets are essential for
cell survival, insulin secretion, and functional synchronization.
Three-dimensional (3D) culture systems supply the ideal micro-
environment for islet-like cluster formation and functional main-
tenance. However, the underlying mechanisms remain unclear.
In this study,mouse insulinoma 6 (MIN6) cells were cultured in a
rotating 3D culture system to form islet-like aggregates. Glucose-
stimulated insulin secretion (GSIS) and the RhoA/ROCK path-
way were investigated. In the 3D-cultured MIN6 cells, more
endocrine-specific genes were up-regulated, and GSIS was in-
creased to a greater extent than in cells grown in monolayers.

RhoA/ROCK inactivation led to F-actin remodeling in theMIN6
cell aggregates and greater insulin exocytosis. The gap junction
protein, connexin 36 (Cx36), was up-regulated in MIN6 cell
aggregates and RhoA/ROCK-inactivated monolayer cells.
GSIS dramatically decreased when Cx36 was knocked down
by short interfering RNA and could not be reversed by
RhoA/ROCK inactivation. Thus, the RhoA/ROCK signaling
pathway is involved in insulin release through the up-regulation
of Cx36 expression in 3D-cultured MIN6 cells.
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Introduction

Pancreatic islets are essential for the maintenance of glucose
homeostasis during fasting and feeding. Major components are
β-cells that initially appear as scattered cells during embryonic
development and then, as development progresses, that aggre-
gate with neighboring β-cells and/or other types of endocrine
cells to form pancreatic islets (Bell and Polonsky 2001; Grapin-
Botton and Melton 2000). Healthy β-cells continually produce
insulin, storing it within granules and steadily releasing small
amounts into the blood stream over the course of a day (called
basal insulin release). Glucose metabolism autonomously trig-
gers insulin secretion, known as glucose-stimulated insulin se-
cretion (GSIS). Communication between β cells suppresses
basal insulin secretion but enhances GSIS ensuring the glucose
homeostasis function of pancreatic islets (Luther et al. 2006;
Ravier et al. 2005). Progress has been made in exploring the
molecular mechanism(s) underlying these processes. Research
shows that a number of factors such as glucose metabolism,
membrane depolarization, and insulin exocytosis control the
GSIS pathway (Ahren and Filipsson 2000; Henquin 2000).
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However, the connection between those factors in regulating
insulin secretion still requires clarification.

Three-dimensional (3D) cultures can mimic the in vivo mi-
croenvironment, enhancing cell-cell and cell-matrix interactions
and subsequent cell signaling transmission. A variety of 3D cell
culture systems have been developed for directing stem cell
differentiation into various lineages (Pelto et al. 2013; Villa-
Diaz et al. 2013). Recent research shows that the 3D culture
model not only generates more insulin-secreting cells than those
in traditional two-dimensional (2D) monolayer conditions, but
alsomakes differentiated cells form islet-like tissue structures that
display greater similarities to adult pancreatic islets (Bhandari
et al. 2011; Guo-Parke et al. 2012; Wang and Ye 2009).

Insulin secretion is a process of exocytosis by pancreatic β-
cells and is regulated by actin cytoskeleton dynamics (Nevins
and Thurmond 2003; Thurmond et al. 2003). The three best-
characterized members of the small Rho GTPase family, namely
Rho, Rac, and Cdc42, all play central roles in the regulation of
actin cytoskeleton dynamics and in defined stem cell differenti-
ation (Ridley 2006). Both Cdc42 and Rac are involved in actin
cytoskeleton regulation and play a positive role in the stimulated
insulin exocytosis of β-cells (Li et al. 2004; Nevins and
Thurmond 2003, 2005). Rho is a mediator of insulin signaling
and is thereby involved in the development of insulin resistance,
the regulation of insulin action, and glucose homeostasis
(Furukawa et al. 2005; Song et al. 2009). Rho is activated under
diabetic conditions, and the inhibition of Rho activity markedly
increases insulin gene transcription (Nakamura et al. 2006).
Hammar et al. (2009) have demonstrated that the inhibition of
Rho and Rho-associated kinase in primary β-cells culminates in
a significant increase in cell spreading, actin depolymerization,
and GSIS. However, the potential roles of Rho G protein in
insulin secretion remain to be further confirmed, and an evalua-
tion of the regulatory roles for this Rho-sensitive signaling path-
way in islet function is possibly needed (Kowluru 2010).

Connexins (Cxs) form cell-to-cell channels that cluster at gap
junction domains of the membrane of most cell types and
mediate the exchange of small molecules (< 1000 Da) between
adjacent cells (Bosco et al. 2011; Scemes et al. 2009). Studies
have shown that the presence of gap junctions betweenβ-cells is
required for proper control of insulin secretion (Speier et al.
2007). Thus, single β-cells exhibit poor insulin gene expression
and produce low amounts of secreted insulin; they barely show
an increase in these functions after stimulation. However, resto-
ration of β-cell contacts leads to a rapid improvement in both
insulin biosynthesis and release (Meda 1996; Meda et al. 1990).
Insulin secretion is a synchronized process of pancreatic β-cells
in islets, and these cells set up a signaling system via a gap
junction protein, namely connexin 36 (Cx36), to coordinate islet
cell functions (Benninger et al. 2011; Michon et al. 2005).
Studies have also identified that Cx36 is involved in β-cell
differentiation, and loss of Cx36 causes pancreatic dysfunction
reminiscent of that observed in human type 1 and type 2

diabetics (Carvalho et al. 2012; Head et al. 2012; Ravier et al.
2005).

In the present study, we have used mouse insulinoma 6
(MIN6) cell lines to verify the efficacy of the 3D culture
system in GSIS and to explore the roles of RhoA/ROCK
and Cx36 in exocytosis and in the synchronization of cells
in the 3D culture system. We have attempted to discover the
RhoA and Cx36 relationship that might suggest a mechanism
that initiates insulin secretion in MIN6 cell clusters and the
maintenance of functions in a 3D culture system.

Materials and methods

Cell culture Themouse pancreatic cell line,MIN6, was cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen,
Paisley, UK). The DMEM contained 25mmol/l glucose, supple-
mented with 15 % fetal bovine serum (Invitrogen), 100 U/ml
penicillin (Invitrogen), 100 μg/ml streptomycin, and 50 μM β-
mercaptoethanol (Invitrogen) in a humidified atmosphere at
37 °C with 5 % CO2. The medium was changed every 2 days.
MIN6 cells at no more than passage 25 were used because, after
that passage, the MIN6 cells had lost certain functions and had
decreased insulin content. For 3D cultures, the MIN6 cells were
seeded into ultra-low-attachment 24-well plates at a density of
1.5×105 cells/well and incubated at 37 °C with 5 % CO2 on 3D
rotators (Edmund Bühler GmbH, Germany) set at 80–100 rpm.
For 2D cultures, cells were seeded into tissue culture plates (24-
well plates) at a density of 1.5×105 cells/well.

Chemical inhibition of Rho and ROCK To inhibit the activity
of Rho, cells were treated with cell-permeable C3 transferase
(C3T; 2 μg/ml; Cytoskeleton, USA). The activity of ROCKwas
inhibited by the small molecule Y-27632 (Stemgent, USA). For
long-term assays, cells were treated with inhibitors for 4 days,
whereas for short-term assays, the inhibitors were added for only
2 h during the insulin secretion test. Y27632 was diluted in
dimethylsulfoxide (DMSO; Invitrogen,USA) as a stock solution,
and the same volume of DMSO was added to the control group.

Lentiviral packaging and transduction The RhoA-positive
(constitutively active, CA) and negative mutant (dominant
negative, DN) mutant plasmids were constructed as previous-
ly published (Yao et al. 2009). Briefly, mutant plasmids were
subcloned into the lentiviral vector pBPLV. An empty pBPLV
vector was used as a control. Lentiviruses were established in
293FT cells by using packaging plasmids (pLP1, pLP2, and
pLP/VSVG; Invitrogen) and Lipofectamine 2000. Viruses
were harvested after 48–72 h and were used for the infection
ofMIN6 cells overnight in the presence of 5 μg/ml polybrene.
Cells positive for green fluorescent protein were sorted by
fluorescence-activated cell sorting and used for the experi-
ments described below.
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Insulin secretion assay The MIN6 cells, including gene-
modified and chemically treated cells, were cultured for 4 days
under either 2D or 3D conditions. Before the insulin secretion
test, cells were pre-incubated in DMEM containing 5 mM
glucose for 16–24 h. The cells were incubated in basal medium,
namely Krebs-Ringer bicarbonate HEPES (KRBH) supple-
mented with 2 mM glucose, at 37 °C for 1 h and changed into
fresh basal medium for another 1 h of incubation. The cells
were then transferred into a stimulating condition (KRBH
supplemented with 20 mM glucose) for 1 h of incubation at
37 °C. The supernatant was collected for enzyme-linked im-
munosorbent assay (ELISA) or stored at −80 °C. The RhoA
and ROCK inhibitors were added as noted in the Results. Cells
were collected, after which the proteins were extracted
with RIPA, and total protein content was determined by
Bradford assays. The amount of insulin in the superna-
tant and/or cell extracts was measured by a mouse insulin
ELISA kit (Mercodia, Winston Salem, N.C., USA). Insulin
secretion was normalized against the protein content of the
cell lysate.

RNA extraction and real-time quantitative polymerase chain
reaction Total RNAs were extracted by using an RNeasymini
kit (QIAGEN, Valencia, Calif., USA) according to the manu-
facturer’s protocols. We synthesized cDNA from 2 μg RNA
with M-MLV reverse transcriptase and oligo-DT according to
the manufacturer’s instructions (TaKaRa Bio, Otsu, Japan).
Real-time polymerase chain reaction (PCR) was performed by
using a real-time quantitative PCR (Q-PCR) detection system
(Bio-Rad IQ5 System, Bio-Rad Laboratories, USA).
Briefly, the Q-PCR system consisted of a 3-min dena-
turing step at 95 °C followed by 40 cycles at 95 °C for
15 s and 58 °C for 30 s. A melt analysis was performed
following each Q-PCR run. We used D-glyceraldehyde-
3-phosphate dehydrogenase expression as an internal
control. The Q-PCR primer sequences used are listed in
Supplementary Table 1.

Western blotting assay and pull-down assay The inhibitor-
treated or control MIN6 cells were lysed overnight with cold
RIPA buffer containing combinations of proteinase inhibitors.
The lysates were then centrifuged at 12,000 rpm for 20 min to
remove insoluble materials, and the concentration of protein
was determined by Bradford assays. Proteins were separated in
12 % SDS–polyacrylamide gradient gels and transferred onto
polyvinylidene difluoride membranes (Millipore, Bedford,
Mass., USA). The membranes were blocked with 5 % nonfat
milk in TRIS-buffered saline at room temperature for 1 h and
incubatedwith anti-Cx36 antibody (1:500; Abcam, Cambridge,
UK) and anti-β actin antibody (1:1000; Santa Cruz, USA)
overnight at 4 °C. The membranes were incubated with a
secondary antibody conjugated with horseradish peroxidase
for 1 h at room temperature, and the target protein bands were

detected by an enhanced chemiluminescence labeling kit (Santa
Cruz) according to the manufacturer’s instructions.

Short interfering RNA syntheses and transfection For Cx36
knockdown, we used transfection with short interfering RNA
(siRNA) with lipofectamine-2000 (Invitrogen, USA) on six-
well plates according to the manufacturer’s protocols, with
knockdown efficiencies being determined by Western blotting
assay. Three different siRNAs were designed for targeting
mouse Cx36, and one siRNA was designed as the negative
control. The siRNA sequences are listed in Supplementary
Table 2.

Immuno f luorescence and F-ac t in cy toske l e ton
visualization Monolayers of MIN6 cells were fixed in 4 %
paraformaldehyde for 20 min, and multicell spheroids were
fixed for 30 min. The cells were then permeabilized with
0.2 % Triton X-100 for 10 min, blocked in phosphate-
buffered saline (PBS) containing 1 % bovine serum albumin
(BSA) for 1 h, and incubated in primary antibodies overnight
at 4 °C. Cells were washed and incubated with secondary
antibody for 1 h. After 4 days of culture and treatment with
low or high glucose, inhibitor-treated cells were pre-incubated
in KRBH buffer for 1 h with 2 mM glucose and then fixed
with 4 % paraformaldehyde for 20 min at room temperature
immediately or after an additional 5-min treatment with
20 mM glucose and permeabilized with 0.2 % Triton X-100
(10 min at room temperature). After a blocking step with PBS-
0.5 % BSA, cells were then incubated for 30 min with Alexa
Fluor 546 phalloidin (5 U/ml), rinsed, and subsequently
mounted under glass coverslips.

Results were analyzed by confocal microscopy (LSM510
confocal fluorescent microscope; Zeiss, Oberkochen,
Germany). The primary antibodies used were rabbit anti-
Cx36 (1:200, Abcam), guinea pig anti-insulin (Dako), and
Alexa Fluor 546 phalloidin (Cytoskeleton). Secondary anti-
bodies were goat anti-guinea pig Alexa Fluor 488 (1:400) and
goat anti-rabbit Alexa Fluor 647 (1:400).

Statistical analysis The statistical differences of results were
analyzed by a “one factor with three levels” design (SAS) or
by Student’s t-test for paired groups. P-values of 0.05 or less
were considered significant. All results are presented as
means±SE for three independent experiments from at least
three parallel groups under each condition.

Results

Promotion of GSIS inMIN6 cells under 3D culture conditions

To compare the glucose responsiveness ofβ-cells between 3D
aggregates and 2D monolayers, a 3D culture method was
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designed for MIN6 cells. Under 2D conditions, the cell shape
was predominantly epithelioid-like, and cells formed a mono-
layer throughout the culture period. Conversely, multicellular
aggregate-like islet architecture was formed (Fig. 1a-d)
during suspension culture in ultra-low-attachment plates for
24 h. The impact of 3D culture conditions on the GSIS of
MIN6 cell-spheroids was analyzed after 4 days in culture.
Cells with spheroid architecture displayed significantly im-
proved GSIS compared with cells in monolayer culture
(P<0.0005, Fig. 1e). Unlike the secretory insulin, the total
amounts of insulin in the cell lysates were not significantly
different between 2D and 3D cultures (Fig. S1a). In addition,
the lysate of MIN6 aggregates was collected and analyzed by
real-time reverse transcription plus PCR, which revealed that
the expression of islet-related genes PDX1 and NGN3 was
higher than the expression of those in the lysates of the
monolayer cells (P<0.0005, Fig. 1f). Both the long half-life

insulin mRNA (mature mRNA) and a short half-life insulin
pre-mRNA species were also tested by Q-PCR (Melloul et al.
2002); however, we did not find significant differences be-
tween them under 2D and 3D conditions (Fig. S1b).

Down-regulation of RhoA activity in MIN6 cells
under 3D culture conditions

The cytoskeletal arrangements of MIN6 cells cultured under
2D and 3D conditions were investigated by F-actin staining.
After 4 days of culture in ultra-low-attachment 24-well plates,
cells were pre-incubated in DMEM containing 5 mM glucose
for 16–24 h and then in 2 mM glucose in KRBH for 1 h.
Multicellular aggregates were fixed, and immunofluorescence
was assessed to verify the distribution and expression of pro-
insulin and F-actin. The MIN6 cells cultured under 2D con-
ditions were used as the control. Unlike the long, well-aligned,

Fig. 1 Promotion of
glucose-stimulated insulin
secretion (GSIS) in mouse
insulinoma 6 (MIN6) cells under
three-dimensional (3D) culture
conditions. MIN6 cells were
cultured on tissue-cultured plastic
(two-dimensional; 2D) and on
ultra-low-attachment (3D) plates,
separately. a–d Morphological
images of MIN6 cells in 2D and
3D culture (b, d higher
magnification views of a, c,
respectively). Bars 100 μm. e
Insulin secretion fromMIN6 cells
in 2D and 3D culture
(GLU glucose). Under 2D
culture conditions, the MIN6
cells underwent less GSIS
compared with those under 3D
conditions. Dotted X P<0.05. f
Gene expression of MIN6 cells in
2D and in 3D culture at day 2 or
day 4. Quantitative polymerase
chain reaction (Q-PCR) data were
plotted as the fold change in
expression over 2D RNA samples
(equal to 1). P<0.05
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and thickly bunched F-actin microfilament in the 2D mono-
layer cells, the F-actin fiber network was dramatically
reorganized in 3D cultures. Confocal microscopy revealed
aggregates of polymerized actin on discrete regions of the cell
surface labeled by rhodamine-phalloidin (Fig. 2a-h).

Small GTPases have profound effects on actin cytoskeleton
regulation. Accordingly, the contribution of RhoA activation
on actin regulation in the 3D aggregates was examined. In
these experiments, the proteins of 4-day aggregates andmono-
layer MIN6 cells were collected, and the cellular levels of
active GTP-bound RhoAwere determined by pull-down assay
with Rhotekin-RBD beads. Our results showed that multicel-
lular aggregates exhibited less RhoA activity than that of the
monolayer MIN6 cells (Fig. 2i, j).

To examine the effect of Rho activity suppression on GSIS,
RhoA-positive (CA) and negative mutant (DN) expressing
vectors were stably transfected into MIN6 cells via a lentiviral
transfection system, and control cells were transfected by an
empty vector. The pull-down assay was used to measure
RhoA activity of MIN6-CA and MIN6-DN cells. Cell immu-
nofluorescence showed highly polymerized and well-aligned
F-actin bundles in both MIN6 control and MIN6-CA cells

under the 2 mM glucose basal condition, although F-actin was
partially depolymerized under the stimulating culture condi-
tions. In contrast, F-actin in the MIN6-DN cells and C3T-
treated MIN6 cells were scattered in the cytoplasm, regardless
of whether the culture was carried out under the 2 mMglucose
basal conditions or 20 mM glucose stimulating conditions
(Figs. 3c-j, S4). The insulin secretion test was performed on
the lentiviral-gene-modified cells. We found that MIN6-DN
cells released more insulin at high-glucose concentrations
(P<0.01, Fig. 3k). To distinguish the effects of gene modifi-
cation and to confirm the impact of RhoA activity on MIN6
cell function, monolayer MIN6 cells were treated by RhoA
inhibitor C3 in a GSIS test. Results showed that insulin
secretion was also significantly increased under both low-
and high-glucose concentrations together with RhoA activity
inhibition (Fig. 3l).

ROCK is a downstream effector of GTP-bound RhoA. To
further investigate the role of Rho/ROCK on MIN6 cell func-
tion, MIN6 cells were continuously treated with ROCK in-
hibitor Y27632 for 4 days. Unexpectedly, MIN6 cells in both
2D and 3D cultures secreted insulin upon high glucose stimu-
lation, but the total insulin produced decreased (Fig. S2). We

Fig. 2 Cytoskeleton
reconstruction in 3D cells. During
cytoskeleton reconstruction in 3D
cells, RhoA activity is
simultaneously down-regulated.
a–h Immunofluorescent staining
of F-actin, pro-insulin, and
connexin 36 (Cx36) in cells
grown in 2D and 3D culture
(green pro-insulin, red F-actin,
white Cx36, blue nuclei). Bars
20 μm. i, j RhoA activation
(GTP-bound RhoA/total RhoA)
in cells grown in 2D and 3D
culture. i Representative
pulldown. j Quantification
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then used Y27632 only for the insulin secretion test to verify
whether the inhibition of ROCK improved glucose-stimulated
insulin secretion acutely. The results showed that Y27632 did
not increase the insulin released from MIN6 cells at the lower
(2 mM) concentration of glucose; however, it did induce more
insulin release with increasing Y27632 doses in MIN6 cells at
the higher (20 mM) concentration of glucose (Fig. 4a). In
terms of the total amounts of insulin in the cell lysates, no
significant difference was observed (Fig. S3a). Furthermore,
the effect was almost equivalent when MIN6 cells were treat-
ed by 50 μM Y27632 or cultured under 3D conditions.

Immunofluorescence observation also confirmed the effect
of Y27632, as F-actin was depolymerized in MIN6 cells
treated with Y27632 for 2 h (Figs. 4b-e, S5). The status of
the depolymerized condition was maintained until the with-
drawal of Y27632 (data not shown). The influence of Y27632
on gene expression was then tested. Endocrine-related genes
such as PDX1 and NGN3 were up-regulated when Y27632
was continuously added in prolonged cultures (Fig. 5a) or
with increasing doses (Fig. 5b), but neither mature mRNA
nor pre-mRNA species showed significant changes
(Fig. S3b). The effects of Y27632 on PDX1 and NGN3

Fig. 3 Down-regulation of RhoA
activity promotes GSIS, and
expression of Cx36 is accordingly
up-regulated. a, b RhoA
activation (GTP-bound
RhoA/total RhoA) in MIN6 cells
transfected with RhoA-CA-
expressing (CA) and
RhoA-DN-expressing (DN)
vectors (MOCKmock-transfected
MIN6 cells as a control). a
Representative pulldown. b
Quantification (n=3, error
bars ±SE). c–j
Immunofluorescent staining
of F-actin and Cx36 in
gene-modified MIN6 cells and
C3T-treated cells under 2 mM
glucose basal conditions or
20 mM glucose stimulating
conditions (green Cx36, red
F-actin, blue nuclei, MOCK
mock-transfected MIN6 cells as a
control, RhoA-CA MIN6 cells
transfected with constitutively
active RhoA mutant-expressing
vectors, RhoA-DNMIN6 cells
transfected with dominant
negative RhoA mutant-
expressing vectors, C3T MIN6
cells treated with Rho inhibitor
C3 transferase). Bars 20 μm. k
Insulin secretion from gene
modified MIN6 cells (GLU
glucose). Dotted X P<0.01. l
Insulin secretion fromMIN6 cells
treated by RhoA inhibitor C3T.
Dotted X P<0.01
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expression were also equivalent to those under 3D culture
conditions (Figs. 1e, 5a, b).

Requirement of Cx36 for effects of Rho-ROCK pathway
on insulin secretion

The expression of Cx36 in MIN6 cells was examined in both
monolayer cells and 3D aggregates. Immunofluorescent stain-
ing and Q-PCR data showed that Cx36 expression was up-
regulated under 3D culture conditions (Figs. 1f, 2a-h).
Western blot analysis was conducted with cell extracts of the

two conditions after 4, 24, and 48 h of culture. Compared with
that in the monolayer cultured cells, the expression of Cx36 in
the 3D MIN6 cells cultured for 48 h was significantly in-
creased (Fig. 5c, d). Cx36 was also increased when RhoA or
ROCK was inactivated. Careful examination of the distribu-
tion of Cx36 in immunofluorescently stained MIN6 cells that
were gene-modified (Fig. 3c-j) or Y27632-treated (Fig. 4b-e)
revealed that more connections were formed during re-
aggregation. In addition, Q-PCR and Western blot analyses
showed that the levels of Cx36 in the ROCK-inhibitor-treated
MIN6 cells were significantly increased (Fig. 5a, b, e, f). To
determine whether increasing Cx36 expression was required
for insulin secretion, three siRNAs were designed to knock
down Cx36 expression within MIN6 cells. The Cx36 proteins
were analyzed by Western blots after 3 days of transfection
with Cx36-siRNA1-expressing MIN6 cells found to be lower
compared to the control siRNA-expressing cells (Fig. 6a, b).
Thus Cx36 siRNA1 was used in the insulin secretion test.
Results showed that Cx36 siRNA1 not only decreased higher
glucose stimulated insulin secretion, but also affected
Y27632- and C3-treated MIN6 cells in which ROCK and
RhoA activities were down-regulated accordingly (Fig. 6c).

Discussion

The integrated secretory response of intact islets of
Langerhans cells is greater than that of dispersed islet cells,
and re-aggregation improves secretory responsiveness, there-
by suggesting that intra-islet interactions are essential for
normal secretory responses (Hauge-Evans et al. 1999). In
addition, euglycemia depends on a constituent ratio of various
cell populations inside pancreatic islets and the cross-talk
amongst them. Thus, the maintenance of normal islet structure
is the basis of glucoregulatory functions. For research pur-
poses, the MIN6 insulinoma cell line routinely undergoes 2D
culture as an adherent monolayer on tissue culture plastic,
with cells connecting to neighboring cells, but with the ab-
sence of essential cellular functions that are present in tissues
(in vivo) because the cells have to adjust to artificially flat and
rigid surfaces. In contrast, 3D culturing has many advantages,
with cells connecting to the cell matrix/neighboring cells in a
3D space that mimics the in vivo microenvironment. The
lineage restriction of embryonic stem cells to specific mature
cells has also been shown to be more efficiently achieved
under 3D culture conditions (Liu et al. 2006; Pelto et al.
2013). To improve studies of the effects of structure on gene
expression and functional responses within islets, we have
used 3D culture-formed spherical islet-like aggregates of
MIN6 cells. Cellular spheroids are simple 3D systems that
take advantage of the natural tendency of many cell types to
aggregate (Pampaloni et al. 2007). The ability of dispersed
islet cell or clonal β-cell lines to aggregate or re-aggregate

Fig. 4 Rho-ROCK pathway is involved in cytoskeleton reconstruction,
and Cx36 is up-regulated during the reconstruction. a Insulin secretion
fromMIN6 cells treated by ROCK inhibitor Y27632. The GSIS of MIN6
cells treated with various dosages of Y27632 and under 3D conditions
was higher than that under 2D conditions (GLU glucose).Dotted XP<0.05.
b–e Immunofluorescent staining of F-actin and Cx36 in MIN6 cells
treated by Y27632 under 2 mM glucose basal conditions or 20 mM
glucose stimulating conditions (green Cx36, red F-actin, blue nucleus).
Bars 20 μm
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in vitro has been reported previously (Halban et al. 1987;
Hauge-Evans et al. 1999). MIN6 cells cultured in the current
3D system easily form aggregates, and the MIN6 cells grown
as aggregates release more insulin than those in 2D cultures.
In addition, endocrine-related genes, such as PDX1 and
NGN3, are up-regulated under the 3D culture conditions. In
vitro 3D culture restores the cell-cell interactions and the cell-
cell communications that occur in vivo, all of which are
important for GSIS and the gene expression of the islet cells.
Prior studies have established that the distinct functional re-
sponses between monolayer islet cells and islet aggregates are
caused by the different free Ca2+ concentrations in cells
(Hauge-Evans et al. 1999). However, correlations between
cytoskeletal state and gap junction functions of β-cells with
their secretion have remained obscure.

When MIN6 cells form cell aggregates, the morphology of
the cells has a profound effect on their cytoskeleton, and the
disruption and reorganization of filamentous actin (F-actin) is

required. Ultrastructural analysis has indicated that F-actin is
organized as a dense web beneath the plasma membrane.
Numerous studies with F-actin disrupting agents such as
clostridial toxins and cytochalasins have shown enhanced
secretagogue-induced insulin secretion, suggesting that F-actin
blocks granule movement (Wang and Thurmond 2009). To
examine the remodeling of F-actin when cell morphology is
changed in 3D aggregates, we have analyzed the distribution
of insulin and F-actin in 2D- and 3D-cultured cells by confo-
cal immunofluorescence. Unlike the long, well-aligned, and
thickly bunched F-actin fibers in the 2D monolayer cells, the
F-actin fiber network is dramatically re-organized as aggregates
of polymerized actin in discrete regions of the cell surface, as
indicated by labeling with rhodamine-phalloidin.

Actin remodeling in several cell types is regulated by the
small Rho-family of GTPases. This family of proteins is a
subfamily of the Ras-related GTPase superfamily and con-
tains more than ten members in mammals, including Rho,

Fig. 5 Expression of Cx36 is
increased under 3D conditions or
upon ROCK inhibition. a, bGene
expression in Y27632-treated
MIN6 cells. Islet-related genes are
up-regulated in Y27632-treated
cells at increasing doses or under
prolonged culture. Q-PCR data
were plotted as fold changes in
expression over control RNA
samples (equal to 1). a Gene
up-regulation in MIN6 cells after
treatment with Y27632 for 2 and
4 days (P<0.05). b Gene
up-regulation of MIN6 after
treatment with increasing doses of
Y27632 for 4 days (P<0.05). c–f
Western blot analysis of Cx36
expression in MIN6 cells cultured
under 3D conditions or treated
with Y-27632. c, d Cx36
expression in MIN6 cells cultured
under 3D conditions or 2D
conditions for 4, 24, and 48 h. c
Representative Western blot. d
Quantification. Dotted X P<0.05
(n=3, error bars ±SE). e, f Cx36
expression in MIN6 cells treated
with Y-27632 for 0, 4, 24, and
48 h. e Representative
Western blot. f Quantification.
Dotted X P<0.05
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Rac, and Cdc42. In the 1990s, Cdc42 and Rac1, in particular,
were found to participate in insulin secretion and were co-
localized in the insulin-containing granule. However, relative-
ly little was known regarding the effects of Rho on insulin
secretion (Wang and Thurmond 2009). The regulators of F-
actin, namely small GTPase RhoA and its effector ROCK,
have now been taken into consideration, since studies have
shown that insulin secretion is related to the inactivation of
RhoA/ROCK when F-actin organization is disrupted at the
same time. Based on our previous findings that RhoA/ROCK
regulates both cell morphology mobility and stem cell fate
decision (Yao et al. 2009), we conclude that the activity of
RhoA/ROCK is down-regulated inMIN6 cell spheroids under
3D culture conditions. Further, the increase of insulin secre-
tion is also RhoA/ROCK activity related, although a high
glucose concentration is absolutely necessary. In particular,
when we treat MIN6 cells with the ROCK inhibitor Y27632
for 4 days, we have not found the anticipated insulin-
increasing result. This phenomenon is similar to that reported
in the study of Racchetti et al. (2012) who have found that
Y27632 can promote enlargeosome secretion from astrocytes,
and that the repeated stimulation of Y27632might exhaust the
enlargeosome granules, which then decrease their secretion
activity . We infer that long-term stimulation of Y27632 can

also exhaust insulin secretion in MIN6 cells. We assume that
that is the reason that insulin secretion decreases with the
increasing dosage of Y27632 in the stimulated insulin-
releasing tests after 4 days of Y27632 administration.

In most tissues, gap junctions are important in the control
of cell proliferation, differentiation, and regeneration. Gap
junction channels connecting the cytoplasm of adjoining cells
are formed by the interaction of the transmembrane proteins,
the Cxs, which form a “connexon” on one cell, with the Cxs of
a connexon on an adjoining cell. The turnover time of Cxs is
reported to be short, with a half-life of only 1.3–2 h, and the
inhibition of ROCK results in an increase in the number of
Cx43 gap junctions and in cell-cell communication (Anderson
et al. 2002). The β-cells within an islet are connected via gap
junctions composed of the Cx36 protein and are electrically
coupled. This raises the possibility that cell-cell contact
among β-cells in an islet promotes gap junction communica-
tion, thereby coordinating the heterogeneous responses of
individual cells and, in turn, producing the observed integrat-
ed secretory response of the whole islet.

Since 3D culture conditions can enhance cell-cell and cell-
matrix interactions, more cell connections have been found in
the cell aggregates in our study. Moreover, up-regulated Cx36
gene expression and more gap junction formation by Cx36

Fig. 6 Requirement of Cx36 for
the effects of Rho-ROCK
pathway on insulin secretion. a, b
Western blot analysis of Cx36 in
MIN6 cells transfected with
control siRNA (Con) or Cx36
siRNA 1 (siRNA1 in a,
siRNA-1 in b), Cx36 siRNA 2
(siRNA2 in a, siRNA-2 in b), or
Cx36 siRNA 3 (siRNA3 in a,
siRNA-3 in b). a Representative
Western blot. b Quantification. c
Insulin secretion fromMIN6 cells
transfected with control siRNA
(Con) or Cx36 siRNA 1 (si1),
from mock-transfected MIN6
cells (MOCK), and from control
cells treated with Y27632 (Y) or
C3. Dotted X P<0.05
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have been detected in the 3D cultured MIN6 cells. Previous
research has suggested that Cx36 loss can lead to pancreatic
dysfunction (Speier et al. 2007). Both sets of data suggest an
important role of the gap junction protein Cx36 in insulin
secretion. In our study, we have also found that, after Cx36
knockdown, the secretion of insulin is reduced, regardless of
whether RhoA/ROCK is inactivated. This finding suggests
that Cx36 is involved in the RhoA/ROCK-regulated insulin
secretion pathway. However, further research is required to
clarify this relationship.

In summary, we have established a 3D culture system in
which cells form islet-like aggregates, show high expression
of PDX1 and NGN3 genes, and secrete more insulin.
Moreover, the RhoA/ROCK pathway and Cx36 protein have
been demonstrated to be involved in aggregate formation and
insulin secretion under 3D culture conditions. Our findings
provide a possible basis for the induced differentiation of stem
cells into functional insulin-secretion pancreatic β-cells.
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