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Sevoflurane inhibits migration and invasion of colorectal cancer cells by
regulating microRNA-34a/ADAM10 axis
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Sevoflurane is frequently used volatile anesthetic in cancer surgery. It has been suggested that treatment with sevoflurane could suppress migration and invasion of several human cancer cells in vitro. However, the effects of sevoflurane on
colorectal cancer (CRC) remain largely unclear. In this study, CRC HCT116 and SW480 cells were treated by various concentrations of sevoflurane. MTT assay and Transwell assay were applied to evaluate the cell viability, migration and invasion
abilities of CRC cell lines, respectively. Real-time quantitative PCR (RT-qPCR) was used to examine the expression level
of miR-34a, and western blot assay was employed to detect the protein level of ADAM10. The target interaction between
miR-34a and ADAM10 was verified through bioinformatics analysis and luciferase reporter gene assay system. Aberrant
inhibitory effects induced by sevoflurane on the cell viability, migration and invasion abilities of HCT116 and SW480 cells
in a dose-dependent manner were observed. Upregulation of miR-34a strikingly suppressed the cell proliferation, migration
and invasion abilities of the two cell lines. Sevoflurane could facilitate the miR-34a expression and its suppressive effects
on CRC cells were reversed by pre-treatment with miR-34a inhibitors. ADAM10 was identified as a downstream gene of
miR-34a, downregulated by miR-34a. Overexpression of ADAM10 reverted both miR-34a and sevoflurane-induced repression in the cell proliferation, migration and invasion abilities of CRC cells. Our data showed sevoflurane inhibits the migration and invasion of colorectal cancer cells by regulating microRNA-34a/ADAM10 axis.
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Colorectal cancer (CRC) is a common malignant tumor,
leading in both morbidity and mortality worldwide [1]. A
prior report indicated that about 6×105 people die of CRC
each year [2]. Nowadays, the main approaches of CRC
therapy are surgery, radiation therapy and chemotherapy,
that is still the mainstay of therapy for advanced CRC [3].
Though the treatment methods of CRC have been elevated
over the decades, there is still a long way for the investigation
of CRC diagnosis or treatment.
Sevoflurane is an inhalational anesthetic gas that is
commonly used in numerous surgical operations of cancer
patients [4]. It has been proved that sevoflurane could inhibit
cell growth, invasion and migration, trigger morphologic
changes and apoptosis in several types of cancer cell lines
[4–7].
MicroRNAs (miRNAs) are a class of small non-coding
RNA that specifically repress the translation and trigger
the degradation of mRNAs, control genes participating
in cellular processes such inflammation, cell cycle regulation, stress response, differentiation, apoptosis, migration

and invasion [8, 9]. Mounting evidence has suggested that
miRNAs are involved in influencing the cell proliferation,
migration or invasion ability in CRC cells. A previous study
demonstrated that upregulation of miR-124 in CRC cells
restrained cell growth and colony formation ability [10]. The
study conducted by Zhang et al. verified that miR-384 could
effectively suppress the proliferation of CRC cells by direct
targeting AKT3 [11]. On the contrary, Zhang et al. proved
miR-182 promotes CRC cell growth and invasion, and its
contribution is associated to forkhead box F2 transcription
factor [12]. Also, it has been demonstrated that exogenous
introduction of miR-92a could promote cell proliferation,
migration and invasion of CRC LoVo and SW480 cells
[13]. The miR-34 family comprises of miR-34a, miR-34b
and miR-34c, and permanent inactivation of the members
of the miR-34 family induced cell cycle arrest, senescence
and apoptosis of tumor cells [14]. Accumulating studies
demonstrated that dysregulation of miR-34a was involved in
cell cycle, proliferation, migration or invasion, functioning
as a tumor suppressor in prostate cancer, hepatocellular
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carcinoma (HCC), gastric cancer, esophageal cancer and
colorectal cancer [15–19].
The ADAMs (a disintegrin and metalloproteinase) is a
group of transmembrane and secreted proteins with various
biological roles. An emerging body of evidence has indicated
that ADAMs mediated angiogenesis, neurogenesis as well
as heart development and are involved in cancer growth,
invasion and metastasis [20, 21]. ADAM10 has been revealed
to be related to tumor formation and cancer cell proliferation, migration and invasion [22]. ADAM10 also functions
as a potential cancer biomarker for lung cancer [23]. The
single nucleotide polymorphisms (SNPs) of ADAM10 are
correlated with HCC progression, and may serve as therapeutic targets to examine prognosis of HCC patients [24].
In the present study, we aimed to examine the role of
sevoflurane on the cell viability, migration and invasion abilities of CRC HCT116 and SW480 cells and explore the underlying mechanism.
Materials and methods
Cell culture and sevoflurane treatment. CRC cell lines
HCT116 and SW480 were obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA). Cells were
cultured in Roswell Park Memorial Institute 1640 medium
(RPMI1640; Gibco, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS; HyClone, Logan, UT,
USA) at 37 °C with 5% CO2 humidified atmosphere.
Cells were exposed to various concentrations of sevoflurane with a mixture of 95% air and 5% CO2 at 6 l/min for 6
h as previously described [6, 25]. The HCT116 and SW480
cells were divided into 4 groups: control group (without
sevoflurane), 1.7% sevoflurane group, 3.4% sevoflurane
group and 5.1% sevoflurane group. To investigate whether
sevoflurane suppresses the cell viability and metastasis of
CRC cells by targeting miR-34a or ADAX10, additional
groups of HCT116 and SW480 cells were treated with
miR-34a inhibitor, pcDNA3.1-ADAX10 or their respective
negative control for 48 h prior to exposure to a concentration at 5.1% sevoflurane. Cells at the logarithmic phase were
seeded onto plates and incubated for 24 h at 37 °C. The cell
culture plates were then placed in an airtight glass chamber
connected to an anesthesia device (Cicero-EM 8060; Drager,
Lübeck, Germany) at the inlet port and the other port of
chamber was a gas monitor (PM8060; Drager) to monitor
the concentrations of sevoflurane. The anesthesia machine
was attached to an anesthetic vaporizer (Sevorane; Abbott,
Abbot Park, IL, USA) to supply sevoflurane. After the treatment with sevoflurane, the cells were incubated for another
24 h at 37 °C and then used for MTT and Transwell assay.
MTT assay. 2×103 HCT116 and SW480 cells were seeded
onto 96-well plates with RPMI1640 medium and incubated
at 37 °C for 24 h. Then 20 μl 3-(4,5-dimethylthiazol-z-yl)-2,5diphenyltetrazolium bromide (MTT, 5 mg/ml; Beyotime,
Shanghai, China) were added into each well and incubated
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for another 4 h at 37 °C. Then the supernatant was removed,
and 150 μl dimethyl sulfoxide (DMSO, Sigma-Aldrich, St.
Louis, MO, USA) were added to each well. The absorbance
was measured at 490 nm using a microplate reader (Bio-Rad,
Hercules, CA, USA). Three independent experiments were
performed.
Transwell assay. Invasion assay was carried out using
Transwell chamber (8 μm pores; BD Biosciences, San Jose,
CA, USA) as previously described [7]. Briefly, 1×104 HCT116
and SW480 cells in 100 μl RPMI1640 medium without FBS
were seeded in the upper chamber with matrigel (24 μg/μl;
R&D Systems, Inc., Minneapolis, MN, USA) added on the
top of upper chamber in advance. Then 500 µl medium with
10% FBS was added to the lower chamber as a chemoattractant, incubated for 8 h at 37 °C. Then the insert was washed
three times with phosphate-buffered saline, and the cells on
the upper surface of the membrane were wiped off using a
cotton swab. The cells on the lower surface were fixed with
methanol, stained with 0.1% crystal violet (Sigma-Aldrich)
and counted under a microscope (×100 magnification)
(Olympus, Tokyo, Japan) in five random fields.
The protocol of migration assay was similar to the
measurement of invasion assay, except the matrigel on the
membrane. All measurements were run in triplicate.
RT-qPCR assay. Total RNA was isolated from HCT116
and SW480 cells using Trizol reagent (Invitrogen, Carlsbad,
CA, USA). Reverse transcription was performed with a
PrimeScript RT Reagent kit (Takara Bio, Inc., Otsu, Japan)
from 500 ng total RNA template. Expression of miR-34a
was assessed with qPCR using SYBR Green Real-Time PCR
Master Mix (Roche Diagnostics, Basel, Switzerland) with
Applied Biosystems 7500 thermocycler (Thermo Fisher
Scientific, Inc., Waltham, MA, USA). U6 was used as control.
The primers for miR-34a and U6 were purchased from
Ambion (Austin, TX, USA). All experiments were performed
for three times. The data were calculated using the threshold
cycle 2ΔΔCt method.
Transfection of HCT116 and SW480 cells. miR-34a
mimics, miR-NC mimics, miR-34a inhibitors or miR-NC
inhibitors were obtained from GenePharma Co. Ltd.
Shanghai, China. The pcDNA 3.1 plasmid was purchased
from Thermo Fisher Scientific and pcDNA 3.1-ADAM10
plasmid was conducted and stored in our laboratory. Above
oligonucleotides or plasmids were transfected into HCT116
and SW480 cells using Lipofectamine™ 2000 reagent (Invitrogen,) referring to the protocols of manufacturer.
Luciferase assays. The online TargetScan (http://www.
targetscan.org) was used to predict the downstream genes
of miR-34a. ADAX10 was identified as a potential target of
miR-34a. Then luciferase reporter gene plasmid ADAM10WT or ADAM10-MUT were constructed with pGL3 luciferase promoter vector (pGL3-empty, Promega, Madison,
WI, USA). HCT116 and SW480 cells were seeded at 2×105
cells per well in a 24-well plate and were co-transfected with
ADAM10-WT, ADAM10-MUT, and miR-34a mimics or
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miR-NC mimics using Lipofectamine™ 2000 reagent for 48 h.
The luciferase activities were analyzed with a Dual-Luciferase
Reporter Assay System (Promega) following the manufacturer’s protocols. Each experiment was repeated three times.
Western blot assay. HCT116 and SW480 cells were lysed
with ice-cold Radio-Immunoprecipitation Assay (RIPA)
buffer (Beyotime). Concentration of protein was determined by bicinchoninic acid assay (BCA) protein assay kit
(Sigma-Aldrich). Then equal amounts of the protein were
separated by 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels, transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, Billerica, MA, USA), which were
blocked in 5% non-fat dried milk for 2 h at room temperature. The PVDF membranes then were incubated overnight
at 4 °C with primary antibodies against ADAM10 (1:1000
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dilution) and GAPDH (1:2000 dilution). After being washed
three times with PBS, the membranes were incubated with
HRP-conjugated secondary antibodies (1:2000 dilution)
at room temperature for 2 h. Immunoreactive bands were
visualized by an enhanced chemiluminescence procedure
(ECL, Thermo Fisher Scientific) and level of protein expression was analyzed using Quantity One software (Bio-Rad
Laboratories). All antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA).
Statistical analysis. All data analyses were conducted
using SPSS 18.0 software (SPSS, Chicago, IL, USA). All
values were exhibited as mean ± SEM. Student’s t-test and
LSD-t were used to analyze difference in 2 groups and 3 or
more groups data respectively. A p-value <0.05 was defined
as statistically significant.

Figure 1. Sevoflurane inhibited the cell viability, migration and invasion abilities of CRC cells. A and B) MTT assay was used to manifest the cell viability of HCT116 or SW480 cells at 12 h, 24 h, 48 h and 72 h after treatment with various concentrations of sevoflurane. C and D) Transwell assay was
applied to evaluate migration and invasion abilities of HCT116 and SW480 cells after treatment with sevoflurane. *p<0.05, ctrl (without treatment).
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Results
Sevoflurane inhibited the cell viability, migration and
invasion abilities of CRC cells. To validate the function of
sevoflurane on the progression of CRC cells, MTT assay was
employed to detect the cell viability of HCT116 or SW480
cells treated with various concentrations of sevoflurane.
Compared with the ctrl group, the HCT116 and SW480 cells
treated with sevoflurane showed an obviously decreased cell
viability in a concentration-dependent way (Figures 1A and
1B). For cell migration and invasion assay, Transwell assay
was applied to measure the migration and invasion abilities
of HCT116 or SW480 cells treated with various concentrations of sevoflurane following 8 h of incubation. We found
that treatment with sevoflurane weakened the cell migration
and invasion abilities compared with the control group in a
concentration-dependent manner (Figures 1C and 1D).
Overexpression of miR-34a repressed cell viability,
migration and invasion in CRC cells in vitro. To investigate
the effects of sevoflurane on miR-34a expression, we perform
RT-qPCR assay to examine the expression of miR-34a in
HCT116 and SW480 cells after treatment with various
concentrations of sevoflurane and observed that the expression of miR-34a was increased compared with the control
group in a concentration-dependent manner (Figure 2A).
Then we conducted HCT116 and SW480 cells that miR-34a
was upregulated by transfection with miR-34a mimics
and RT-qPCR assay was carried out to verify transfection
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efficiency (Figure 2B). The cell viability was detected through
MTT assay and results indicated that overexpression of
miR-34a induced an obvious repression of cell viability in the
two cell lines (Figures 2C and 2D). As shown in Figures 2E
and 2F, the migration and invasion abilities of HCT116 and
SW480 cells were notably blocked by miR-34a mimics.
Sevoflurane suppressed the cell viability, migration
and invasion abilities by targeting miR-34a. To explore the
mechanism of sevoflurane in progress of CRC cells, we transfected HCT116 and SW480 cells with miR-NC inhibitors or
miR-34a inhibitors prior to exposure to a concentration of
5.1% sevoflurane. Results showed that miR-34a inhibitors
significantly reversed the promotion of miR-34a expression
triggered by sevoflurane treatment (Figure 3A); miR-34a
inhibitors also rescued the repressive effect of sevoflurane on
cell viability, migration and invasion in both HCT116 and
SW480 cells (Figures 3B–3E).
ADAM10 is a direct target of miR-34a and negatively
regulated by miR-34a. TargetScan 7.2 was employed to
identify the potential targets of miR-34a. Then we found that
the 3’-UTR of ADAM10 mRNA contains putative a binding
site for miR-34a (Figure 4A). Following luciferase activity
assay was carried out to further confirm the target relationship between miR-34a and ADAM10. Results demonstrated
that the luciferase activity of ADAM10-WT was inhibited by
miR-34a mimics (Figures 4B and 4C) and elevated by miR-34a
inhibitors in both HCT116 and SW480 cells (Figures 4D and
4E). No distinct change of ADAM10-MUT luciferase activity

Figure 2. Overexpression of miR-34a repressed cell viability, migration and invasion in CRC cells in vitro. A) The mRNA expression level of miR-34a
of HCT116 and SW480 cells after treatment with sevoflurane was detected by RT-qPCR assay. HCT116 and SW480 cells were transfected with miR-NC
mimics or miR-34a mimics. B) The miR-34a expression was tested via RT-qPCR assay at 48 h post transfection in HCT116 and SW480 cells. C and D)
The cell viability of HCT116 and SW480 cells was measured by MTT assay at 12 h, 24 h, 48 h and 72 h after transfection. E and F) The number of migration and invasion cells was counted at 48 h following transfection in Transwell chamber experiment. *p<0.05, ctrl (without treatment).
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Figure 3. Sevoflurane suppressed the cell viability, migration and invasion abilities by targeting miR-34a. A) RT-qPCR assay showed the expression
level of miR-34a in HCT116 and SW480 cells after treatment with sevoflurane and miR-NC inhibitors or miR-34a inhibitors. B and C) MTT assay
showed cell viability of HCT116 and SW480 cells after treatment. D and E) Transwell assay exhibited number of migration and invasion cells after
treatment. *p<0.05, ctrl (without treatment).

Figure 4. ADAM10 is a direct target of miR-34a and negatively regulated by miR-34a. A) The putative binding site and the mutant sites in of miR-34a
on the 3’-UTR of ADAM10 mRNA are shown. B–E) HCT116 and SW480 cells were transfected with ADAM10-WT or ADAM10-MUT and miR-34a
mimics or miR-NC mimics, followed by the measurement of luciferase activities at 48 h after transfection. F–G) The protein levels of ADAM10 in the
two cell lines were tested by western blot after transfection with miR-34a mimics, miR-NC mimics, miR-34a inhibitors or miR-NC inhibitors. *p<0.05.
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Figure 5. miR-34a inhibited the cell viability, migration and invasion abilities by targeting ADAM10. A and B) western blot assay revealed the protein
level of ADAM10 in HCT116 and SW480 cells after co-transfection. C and D) MTT assay showed cell viability of HCT116 and SW480 cells after cotransfection. E and F) Transwell assay exhibited migration and invasion abilities of the two cell lines. *p<0.05, ctrl (without treatment).

was detected (Figures 4B–4E). The protein level of ADAM10
in HCT116 and SW480 cells was measured by western blot
assay, and the results showed that the ADAM10 level was
downregulated by miR-34a mimics (Figure 4F) and upregulated by miR-34a inhibitors (Figure 4G).
miR-34a inhibited the cell viability, migration and
invasion abilities by targeting ADAM10. In order to figure
out the inhibitory mechanism of miR-34a on CRC cell lines,
we conducted HCT116 and SW480 cells that miR-34a and
ADAM10 upregulated meanwhile or miR-34a up-regulated
alone by co-transfection. Western blot assay revealed that
overexpression of ADAM10 recuperated the repression of
ADAM10 expression by miR-34a mimics in the two cell
lines (Figures 5A and 5B). Overexpression of ADAM10
also recovered the inhibitory effects of miR-34a mimics on
cell viability, migration and invasion in both HCT116 and
SW480 cells (Figures 5C–5F).
Upregulation of ADAM10 alleviated in part sevoflurane-mediated repression on CRC cell viability, migration
and invasion. In order to further investigate the mechanism of sevoflurane in progress of CRC cells, we transfected
HCT116 and SW480 cells with pcDNA3.1-ADAM10 to

upregulate ADAM10 after treatment with 5.1% sevoflurane.
Results suggested that the upregulation of ADAM10 strikingly relieved the repression of expression of ADAM10
induced by sevoflurane in HCT116 and SW480 cells
(Figures 6A and 6B). We also demonstrated that the upregulation of ADAM10 also partially recovered the suppressive
influence on cell viability, migration and invasion in both
HCT116 and SW480 cells (Figures 6C–6F).
Discussion
It is widely accepted that anesthetic agents and analgesia
techniques have implications in cancer recurrence and
metastases [26]. Therefore, it is crucial to set appropriate
anesthetics and dose to avoid the migration and invasion of
cancer cells and decrease the risk of cell diffusion during the
surgical resection of tumors.
Previous studies demonstrated that sevoflurane exerts
its inhibitory functions on the proliferation, migration and
invasion of tumor cells by targeting miRNAs. In breast
cancer, sevoflurane blocked the proliferation of MDA-MB231 cells by upregulating miR-203 [27]. Yi et al. validated that
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Figure 6. Upregulation of ADAM10 alleviated sevoflurane-mediated repression on CRC cell viability, migration and invasion. HCT116 and SW480
cells were transfected with pcDNA3.1 vector or pcDNA3.1-ADAM10 after treatment with 5.1% sevoflurane. A–B) The protein level of ADAM10 in
HCT116 and SW480 cells, C–D) cell viability of HCT116 and SW480 cells and E– F) migration and invasion cell numbers in HCT116 and SW480 cells
are shown: *p<0.05, ctrl (without treatment).

sevoflurane retarded migration and invasion of glioma cells
by upregulating miR-637 [7]. In addition, sevoflurane could
induce liver injury by mediating insulin-like growth factor 1
(IGF-1) expression via miR-214 [28]. In current study, strikingly inhibitory effects on the cell viability, migration and
invasion abilities of CRC HCT116 and SW480 cells were
observed. Then, efforts were made to clarify the molecular
mechanism of inhibitory effects on CRC cells mediated by
sevoflurane.
A former study indicated that overexpression of miR-34a
led to cell cycle arrest and growth inhibition in prostate
cancer [15]. Elevation of miR-34a expression potently
suppressed cell migration and invasion of hepatocellular
carcinoma cells in a c-Met-dependent manner [16]. It has
been suggested that miR-34a could repress invasion and
metastasis in gastric cancer by targeting Tgif2 [17]. Shi et al.
demonstrated that ectopic expression of miR-34a obviously
inhibited the cell growth rates and migration in human
esophageal cancer ECA109 and TE1 cell lines in vitro [18].
In CRC, ectopic expression of miR-34a constrained the CRC
cell growth in vitro and in vivo [19]. What’s more, miR-34a
could suppress CRC metastasis by targeting and regulating

Notch signaling pathway [29]. MiR-34a can also suppress the
progression of CRC via targeting FMNL2 and E2F5 [30]. In
the present study, we drew similar conclusion that gain of
miR-34a apparently suppressed the cell viability, migration
and invasion of HCT116 and SW480 cells. We also validated
that the inhibitory effects of sevoflurane on CRC cells resulted
from upregulating miR-34a.
Fogel et al. found that ADAM10 mediated the release
of adhesion factor L1 and promoted cell migration and
tumor metastasis in ovarian and uterine carcinomas [31].
It has been suggested that ADAM10 could lyse adhesion
molecule CD44 facilitating cell migration and invasion of
glioma U251 cells [32]. ADAM10 overexpression in colon
cancer cells enhanced L1-CAM cleavage and triggered
liver metastasis and elevated metastasis in colon cancer
cells transfected with L1-CAM [33]. Literature data shows
that ADAM10 has potential significance on mediation of
tumor progress, metastasis and angiogenesis by regulating
cell signaling pathways or cell adhesion [34]. Guo and
his colleagues verified that ADAM10 was upregulated in
non-small cell lung cancer (NSCLC) tissues, and ADAM10
enhanced the migration and invasion of NSCLC cells by
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activating the Notch1 signaling pathway [35]. It has been
demonstrated that ADAM10 played important roles in the
proliferation and metastasis of HCC cells and downregulation of ADAM10 significantly suppressed cell proliferation,
migration and invasion of HCC cells in vitro [36]. In our
study, ADAM10 was identified as a target gene of miR-34a
and was negatively regulated by miR-34a. We found that
miR-34a hindered the cell viability, migration and invasion
of CRC cells by targeting ADAM10 and upregulation of
ADAM10 could partially relieve the inhibitory effects of on
CRC cells mediated by sevoflurane or miR-34a.
However, there are some limitations in this report. We only
investigated the role of sevoflurane in vitro. The function of
sevoflurane should be investigated in in vivo experiments in
future. Besides, whether the type of anesthesia during surgery
affects survival and time to progression in patients with early
stages of cancer should be also investigated in future. We
would provide more evidence for whether sevoflurane has an
advantage in the prognosis of colon cancer via clinical data
collection and statistical study.
In summary, we found the inhibitory effects on the cell
viability, migration and invasion abilities of CRC HCT116
or SW480 cells. Then we tried to clarify mechanism of
effects on CRC cells mediated by sevoflurane. We validated
that sevoflurane exerts its repressive effects on CRC cells by
targeting miR-34a. Next we confirmed the target interaction between miR-34a and ADAM10. Then we verified that
gain of ADAM10 effectively rescued the suppressive influence of sevoflurane and miR-34a, indicating that sevoflurane inhibits the migration and invasion of colorectal cancer
cells by regulating microRNA-34a/ADAM10 axis. In a word,
we observed a novel regulation axis of sevoflurane on CRC
progression, which may supply references for clinical surgery
or treatment of CRC.
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