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miR-551b-5p increases intracellular Ca2+ concentration
but does not alter c-Kit expression in
rat interstitial cells of Cajal
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Abstract: Objective: To investigate the effect of the severe acute pancreatitis (SAP)-related miR-551b-5p on intracellular Ca2+ concentration and c-Kit expression and distribution in rat interstitial cells of Cajal (ICCs) in vitro. Methods:
ICCs were isolated from 5-10-day-old rats and cultured in vitro. The cultured ICCs were divided into five groups: a
normal control group; a group transfected with an miR-551b-5p mimic; a group transfected with an miR-551b-5p inhibitor; a group transfected with a negative control for the miR-551b-5p mimic; and a group transfected with a negative control for the miR-551b-5p inhibitor. After transfection, real-time PCR was used to detect miR-551b-5p and
c-Kit expression. A Western blot analysis was used to determine the expression of c-Kit protein. Confocal microscopy
combined with immunofluorescence and Fluo 3-acetoxymethyl (AM) fluorescence were used to determine the localization of c-Kit and intracellular Ca2+ concentration, respectively. Results: Transfection with the miR-551b-5p mimic
or inhibitor resulted in overexpression or downregulation of miR-551b-5p in ICCs, respectively. The overexpression
or downregulation of miR-551b-5p had no significant influence on c-Kit mRNA or protein levels. The overexpression
of miR-551b-5p significantly increased the intracellular Ca2+ concentration, and the downregulation of miR-551b-5p
significantly decreased the intracellular Ca2+ concentration. Conclusion: miR-551b-5p increases intracellular Ca2+
concentration but does not alter c-Kit expression in rat ICCs, suggesting that it functions in ICCs by regulating the
intracellular Ca2+ concentration downstream or independently of c-Kit signaling.
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Introduction
Severe acute pancreatitis (SAP) is a common,
life-threatening disease characterized by acute
onset, rapid progression, multiple complications, and high mortality [1, 2]. SAP often leads
to the development of gastrointestinal motility
disorder (GID) in the early stage of the disease
[3], which can cause paralytic ileus, abdominal
compartment syndrome, gastrointestinal barrier dysfunction, and bacterial and endotoxin
translocation. This can result in infectious complications, systemic inflammatory response
syndrome, and multiple organ failure [4-6].
Therefore, GID is an important phase in the
pathogenesis, progression, and prognosis of
SAP [7-9]. Elucidating the mechanisms underlying GID is of great clinical importance to under-

stand the pathogenesis of SAP and to develop
novel treatments for this disease.
Gastrointestinal motility is closely associated
with the physiological functions of interstitial
cells of Cajal (ICCs), a special class of interstitial cells that are found in the gastrointestinal
tract. ICCs serve as important pacemakers in
the establishment of slow waves and control of
smooth muscle contraction [10]. Loss or injury
of ICCs has been found to contribute to motor
pathologies observed in a number of gastrointestinal diseases in humans, such as slowtransit constipation, pseudo-obstruction, and
diabetic enteropathy [10, 11]. Interestingly,
changes in the numbers and ultrastructure of
ICCs have also been observed in experimental SAP in rats [12-14], suggesting that altered
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physiological functions of ICCs may be involved
in the pathogenesis of SAP-associated GID.
Several mechanisms have been found to regulate the pacemaker activity of ICCs in the gastrointestinal tract. Huizinga et al [11] reported
that c-Kit, a receptor tyrosine kinase, was
required for the ICC pacemaker activity.
Blockage of the c-Kit signaling pathway resulted in decreased numbers of c-Kit-positive cells
and ultrastructural changes in ICCs in rats with
SAP [12]. In addition, the intracellular Ca2+ concentration, which is controlled by the endoplasmic reticulum and mitochondria, is essential for
the instantaneous pacemaker current of ICCs
[15, 16]. Given the frequent presence of GID
and potentially disrupted physiological functions of ICCs in SAP, changes in the c-Kit signaling pathway and intracellular Ca2+ concentration may be involved in the pathogenesis of
SAP-associated GID.
MicroRNAs (miRNAs) are a class of small noncoding RNA molecules that regulate gene
expression at the posttranscriptional level. The
dysregulation of miRNAs is closely associated
with many human diseases [17]. Intriguingly,
miRNAs such as miRNA-510, miRNA-221, and
miRNA-222 have been found to be related to
SAP-associated GID, c-Kit, and intracellular
Ca2+ concentration regulation [15, 16]. In a previous study, we found that miR-551b-5p was
differentially expressed in rats with SAP compared to those with mild acute pancreatitis,
and that it could be used to predict the severity
of SAP [17]. However, its mechanism of action
in SAP is still unknown. In this study, we overexpressed and downregulated miR-551b-5p in
ICCs to assess the influence of these changes
on c-Kit expression and intracellular Ca2+ concentration. Our findings offer new clues regarding the pathogenesis of SAP-associated GID.
Materials and methods
Preparation and culture of ICCs
ICCs were prepared and identified following a
previously described protocol [18]. Briefly,
Sprague-Dawley rats (5-10 days old) were killed and fully soaked in 75% ethanol for 5 min.
The abdominal cavities of the rats were then
opened under sterile conditions, and small
intestinal tissue was harvested and placed
in phosphate-buffered saline (PBS; Boster,
Wuhan, China) containing 100 U/mL penicillin
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and 100 μg/mL streptomycin. Under a dissecting microscope, the small intestine mesentery,
blood vessels, and serosal layer were removed,
followed by sharp dissection of the layers of
the mucosa and submucosa. The remaining
smooth muscle layer was cut into pieces and
digested using 0.2% collagenase II solution
(Boster) for 30 min at 37°C. Cells were dissociated by repeated pipetting and filtered using
a 100-gauge stainless steel mesh. The cell
pellet was re-suspended in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand
Island, NY, USA) containing 10% fetal bovine
serum (Gibco) and 1% penicillin-streptomycin
solution (Boster), and then cultured at 37°C in
an atmosphere containing 5% CO2.
ICC groups and transfection
The ICCs cultured in vitro were divided into five
groups: a normal control group; an miR-551b5p overexpression group (transfected with an
miR-551b-5p mimic); a negative control group
for the miR-551b-5p mimic group; an miR551b-5p downregulation group (transfected
with an miR-551b-5p inhibitor); and a negative
control group for the miR-551b-5p inhibitor
group. Cell transfection was performed using
Lipofectamine 2000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The miR-551b-5p
mimic and inhibitor were obtained from Novartis
(Shanghai, China).
Real-time PCR
Total RNA was prepared from the ICCs using
TRIzol Reagent (Invitrogen). Reverse transcription was carried out using Moloney Murine
Leukemia Virus (M-MLV) reverse transcriptase
(Progema, Madison, WI, USA). Subsequently,
real-time PCR was performed in a reaction
system containing SYBR Green/Fluorescein
qPCR Master Mix (2×) (Fermentas, Waltham,
MA, USA) and Ex TaqTM (TaKaRa, Japan) with
an EDC-810 PCR thermal cycler (Eastwin,
Beijing, China) as described previously [19].
The PCR cycling parameters were as follows:
one cycle of 50°C for 2 min and 95°C for 10
min, followed by 40 cycles of 95°C for 30 s and
60°C for 30 s. The expression levels of miR551b-5p and c-Kit were determined relative to
U6 and β-actin, respectively. The primers were
synthesized by Genescript (Nanjing, China) as
follows: for miR-551b-5p: forward, 5’-TGC GCG
AAA TCA AGC TTG GGT G-3’ and reverse, 5’-CTC
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AAG TGT CGT GGA GTC GGC AA-3’; for rat c-Kit
(276-bp product): forward, 5’-TTG GCA AAG AAG
ACA ACG AC-3’ and reverse, 5’-GCA CAG ACA
CCA CTG GGA TA-3’; for β-actin (240-bp product): forward, 5’-CAC GAT GGA GGG GCC GGA
CTC ATC-3’ and reverse, 5’-TAA AGA CCT CTA
TGC CAA CAC AGT-3’; and for U6: forward,
5’-CGC TTC GGC AGC ACA TAT AC-3’ and reverse,
5’-AAA TAT GGA ACG CTT CAC GA-3’. Each assay
was repeated in triplicate.
Western blot analysis
The expression of c-KIT protein in the ICCs was
detected using a Western blot analysis. Briefly,
the ICCs were lysed in radioimmunoprecipitation assay (RIPA) lysis buffer to yield whole-cell
lysates. After determination of the protein concentrations, equal amounts of protein (50 μg)
were resolved by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred onto polyvinylidenedifluoride (PVDF) membranes (Millipore, Bedford,
MA, USA). After blocking with normal goat
serum (Boster), the membranes were incubated first with primary mouse monoclonal anti-cKit antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) or anti-β-actin antibody (Boster)
and then with horseradish peroxidase (HRP)conjugated goat anti-mouse secondary antibody (Boster). The membranes were then
developed using an enhanced chemiluminescence (ECL) system (Thermo Scientific Pierce,
USA), and the density of each band was measured using BandScan software (Glyko, Novato,
CA, USA). Each assay was repeated in triplicate.
Immunofluorescence, intracellular Ca2+ measurement, and confocal microscopy
The localization of c-Kit was determined using
immunofluorescence and confocal microscopy.
Briefly, the adherent cells on coverslips were
fixed with paraformaldehyde. After blocking
with normal goat serum at room temperature
for 30 min, the cells were incubated with primary rabbit anti-c-Kit antibody (Abcam,
Cambridge, MA, USA) at 4°C overnight, followed
by incubation with fluorescein isothiocyanate
(FITC)-labelled goat anti-rabbit IgG (Boster). The
nuclei were then counterstained with 4’,6-diamidino-2-phenylindole (DAPI), and the coverslips were mounted in an antifade mounting
medium (SouthernBiotech, Birmingham, AL,
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USA). A fluorescence density analysis and
image acquisition were performed using an
FV1000 confocal microscope (Olympus, Japan). Intracellular Ca2+ concentration was measured using Fluo 3-acetoxymethyl (AM) fluorescence as previously described [20].
Statistical analysis
All data are expressed as means ± standard
deviations (SDs). The statistical analyses were
performed using SPSS version 18.0 software
(SPSS Inc., Chicago, IL, USA). The data were
tested for normality and homogeneity of variance. The groups were compared using oneway analysis of variance (ANOVA), followed by a
Student-Newman-Keuls (SNK) test (when there
was homogeneity of variance between the
groups) or Dunnett’s T3 test (when the variance
was not equal between the groups). P-values <
0.05 were considered statistically significant.
Results
Overexpression or downregulation of miR551b-5p in ICCs
The ICCs cultured in vitro were transfected with
an miR-551b-5p mimic, an miR-551b-5p inhibitor, or corresponding negative controls. Fortyeight hours after transfection, the expression
of miR-551b-5p in the different groups was
detected using real-time PCR (Figure 1). As
expected, miR-551b-5p expression was significantly upregulated in the ICCs transfected with
the miR-551b-5p mimic compared to the normal control ICCs or ICCs transfected with the
negative control for the miR-551b-5p mimic (P
< 0.05). In addition, miR-551b-5p expression
was significantly downregulated in the ICCs
transfected with the miR-551b-5p inhibitor
compared to the normal control ICCs or ICCs
transfected with the negative control for the
miR-551b-5p inhibitor (P < 0.05). There were no
significant differences in miR-551b-5p expression between the normal control ICCs and ICCs
transfected with the negative control for the
miR-551b-5p mimic or inhibitor.
Overexpression or downregulation of miR551b-5p does not influence c-Kit mRNA or
protein expression levels
After transfection of the ICCs with the miR551b-5p mimic or inhibitor, we detected the
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c-Kit protein and mRNA expression levels using
a Western blot analysis and real-time PCR,
respectively. As shown in Figure 2, transfection
with the miR-551b-5p mimic or inhibitor had no
significant effect on c-Kit protein and mRNA
expression levels.
Overexpression or downregulation of miR551b-5p does not influence c-Kit protein
localization

Figure 1. miR-551b-5p expression is promoted by
the miR-551b-5p mimic, but attenuated by the miR551b-5p inhibitor. *P < 0.05 compared to the control
group. The data were analyzed using one-way ANOVA, followed by an SNK test. ANOVA: analysis of variance; ICC: interstitial cells of Cajal; miR: miR-551b5p mimic; miRI: miR-551b-5p inhibitor; NC: negative
control; SNK: Student-Newman-Keuls.

Next, we evaluated the influence of transfection with the miR-551b-5p mimic or inhibitor on
c-Kit protein expression and localization in
ICCs using immunohistochemistry. As shown
in Figure 3, transfection with the miR-551b-5p
mimic or inhibitor had no significant effect on
the expression and localization of c-Kit protein
in the ICCs.
Overexpression or downregulation of miR551b-5p significantly alters intracellular Ca2+
concentration in ICCs
After transfection of the ICCs with the miR551b-5p mimic or inhibitor, we determined the
intracellular Ca2+ concentration using the Fluo
3-AM method. As shown in Figure 4, the intracellular Ca2+ concentration was significantly
increased in cells transfected with the miR551b-5p mimic compared to the normal control
ICCs or ICCs transfected with the negative control for the miR-551b-5p mimic (P < 0.05). In
addition, the intracellular Ca2+ concentration
was significantly decreased in the ICCs transfected with the miR-551b-5p inhibitor compared to the normal control ICCs or ICCs
transfected with the negative control for the
miR-551b-5p inhibitor (P < 0.05). There were
no significant differences in intracellular Ca2+
concentration between the normal control ICCs and ICCs transfected with the negative control for the miR-551b-5p mimic or inhibitor.
Discussion

Figure 2. Overexpression or downregulation of miR551b-5p does not influence c-Kit expression in ICCs.
A. Western blot analysis of c-KIT protein in different
groups of ICCs; B. Real-time PCR analysis of c-KIT
protein expression in different groups of ICCs. The
data were analyzed using one-way ANOVA, followed
by an SNK test.
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GID is closely associated with the progression
and prognosis of SAP [3]. However, the pathogenesis of GID is still largely unknown, although
inflammatory factors [21], nitric oxide [22], and
gastrointestinal hormones [3] have been implicated in this process. Because ICCs perform a
central role in controlling smooth muscle contraction, which has been implicated in the
pathogenesis of SAP-associated GID [10, 1214], we investigated the role of miR-551b-5p,
Int J Clin Exp Pathol 2017;10(7):7578-7585
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Figure 3. Overexpression or downregulation of
miR-551b-5p does not affect c-Kit protein expression or localization in ICCs. A. Representative images; B. Quantitative analysis. The data
were analyzed using one-way ANOVA, followed by
an SNK test.

Figure 4. Overexpression and downregulation of
miR-551b-5p enhances and decreases intracellular Ca2+ concentration in ICCs, respectively. A.
Representative confocal microscopy images; B.
Quantitative analysis. *P < 0.05 compared to
the control group. The data were analyzed using
one-way ANOVA, followed by an SNK test.

an miRNA associated with SAP, in ICCs in vitro.
Unexpectedly, we found that overexpression
or downregulation of miR-551b-5p did not
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significantly alter the expression and distribution of c-Kit, a classic marker for ICCs. However,
overexpression of miR-551b-5p significantly
Int J Clin Exp Pathol 2017;10(7):7578-7585
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increased the intracellular Ca2+ concentration,
whereas downregulation of miR-551b-5p significantly decreased it.
It has been well documented that ICCs play a
central role in the control of gastrointestinal
motility, and loss of or injury to ICCs is associated with a number of pathologies [10, 11].
Damage to ICCs was found to occur in the muscular layer of the small intestine in rats with
acute necrotizing pancreatitis (ANP) [14]. In
addition, the numbers and ultrastructure of
ICCs are clearly altered in SAP rats [12, 13].
Small intestinal paralysis in ANP rats may be
related to ICC deficiencies [14]. In a rat model
of ANP, octreotide has been shown to ameliorate the severity of ileus, which may be brought
about by the minimization of ICC injury [23].
Thus, ICC dysfunction may result in gastrointestinal dysmotility in SAP, and ICCs are a potential
target for the treatment of SAP-associated GID.
ICCs in the gastrointestinal tract express c-Kit,
and c-Kit signaling is essential for the pacemaker activity of ICCs [15]. Imatinib, a potent
inhibitor of c-Kit, blocks spontaneous mechanical activity in the small intestines of adult mice
[24]. Mutations of c-Kit in mice have been
shown to result in the depletion of ICCs in the
gastrointestinal tract [25, 26]. In SAP rats, the
numbers and ultrastructure of c-kit-positive
cells have been shown to be significantly altered
[12-14]. However, we found that overexpression
or downregulation of miR-551b-5p did not significantly alter the expression and distribution
of c-Kit in ICCs. Because the ICCs used in this
study were isolated from normal rats, which,
unlike SAP rats, did not have disrupted c-Kit signaling, this finding suggests that miR-551b-5p
may act downstream or independently of c-Kit
signaling.
Gastrointestinal motility depends on the contractile activity of smooth muscle cells, which is
regulated by intracellular Ca2+ concentrations
[27, 28]. The spontaneous rhythmic contractions and periodic slow waves in gastrointestinal smooth muscles result from ICC pacemaker
activity induced by oscillations in Ca2+ concentrations [13, 15, 16, 29]. Thus, an abnormal
change in intracellular Ca2+ concentration may
affect the Ca2+ concentration oscillation and
the ICC pacemaker activity. In the present
study, the intracellular Ca2+ concentration was
significantly increased by overexpression of
miR-551b-5p but significantly decreased by
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downregulation of miR-551b-5p. This suggests that miR-551b-5p may alter the ICC pacemaker activity and spontaneous smooth muscle contraction by regulating intracellular
Ca2+ concentrations, thereby participating in
the pathogenesis of SAP-associated GID. However, the mechanisms by which miR-551b-5p
affects intracellular Ca2+ concentrations are
unknown and elucidating them will require further studies.
Several miRNAs have been implicated in the
pathogenesis of GID. Saito et al [30] found that
the downregulation of muscle-specific miR-1
and miR-133 is associated with functional gastric emptying in Helicobacter pylori-infected
mice. Nezami et al [31] discovered that miR375 mediates palmitate-induced enteric neuronal damage and high fat diet-induced intestinal
transit delay in mice. Moreover, miRNAs that
regulate ion channels, transporters, and Ca2+
binding proteins in smooth muscles have also
been identified. Terentyev et al [32] found that
miR-1 enhanced Ca2+ release by selectively
increasing the phosphorylation of the L-type
and ryanodine receptor 2 (RyR2) Ca2+ channels.
Aurora et al [33] found that miRNA-214 can
control Ca2+ overload in mice in order to protect
the heart from ischemic injury. These findings
indicate that miRNAs could play a critical role in
the diagnosis and treatment of GID. Our observation that miR-551b-5p can regulate the intracellular Ca2+ concentration in ICCs shows that it
is a potential target for the treatment of SAPassociated GID.
In conclusion, the present study showed that
overexpression of miR-551b-5p significantly increased the intracellular Ca2+ concentration in
ICCs while downregulation significantly decreased the intracellular Ca2+ concentration, suggesting that miR-551b-5p plays a role in the
regulation of the ICC pacemaker activity in SAP.
However, neither overexpression nor downregulation of miR-551b-5p significantly altered
the expression and distribution of c-Kit, suggesting that miR-551b-5p acts downstream
or independently of c-Kit signaling. The mechanisms of action of miR-551b-5p in SAP-associated GID require further investigation.
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