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Rapamycin inhibits B16 melanoma cell viability

in vitro and in vivo by inducing autophagy and
inhibiting the mTOR/p70-S6k pathway
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Abstract. Rapamycin is an immunosuppressant that has been
shown to prevent tumor growth following organ transplanta-
tion. However, its exact mode of antitumor action remains
unknown. The present study used the B16-F10 (B16) murine
melanoma model to explore the antitumor mechanism of
rapamycin, and it was revealed that rapamycin reduced B16 cell
viability in vitro and in vivo. In addition, in vitro and in vivo,
the results of western blotting showed that rapamycin reduced
Bcl2 expression, and enhanced the protein expression levels
of cleaved caspase 3 and Bax, indicating that it can induce the
apoptosis of B16 melanoma cells. Furthermore, the results of
cell cycle analysis and western blotting showed that rapamycin
induced B16 cell cycle arrest in the G, phase, based on the
reduction in the protein expression levels of CDKI1, cyclin D1
and CDK4, as well as the increase in the percentage of cells in
G, phase. Rapamycin also significantly increased the number
of autophagosomes in B16 melanoma cells, as determined by
transmission electron microscopy. Furthermore, the results of
RT-gqPCR and western blotting showed that rapamycin upreg-
ulated the protein expression levels of microtubule-associated
protein light chain 3 (LC3) and Beclin-1, while downregulating
the expression of p62 in vitro and in vivo, thus indicating that
rapamycin could trigger cellular autophagy. The present study
revealed that rapamycin in combination with chloroquine
(CQ) further increased LC3 expression compared with that in
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the CQ group, suggesting that rapamycin induced an increase
in autophagy in B16 cells. Furthermore, the results of western
blotting showed that rapamycin blocked the phosphoryla-
tion of p70 ribosomal S6 kinase (p70-S6k) and mammalian
target of rapamycin (mTOR) proteins in vitro and in vivo,
thus suggesting that rapamycin may exert its antitumor effect
by inhibiting the phosphorylation of the mTOR/p70-S6k
pathway. In conclusion, rapamycin may inhibit tumor growth
by inducing cellular G, phase arrest and apoptosis. In addition,
rapamycin may exert its antitumor effects by inducing the
autophagy of B16 melanoma cells in vitro and in vivo, and
the mTOR/p70-S6k signaling pathway may be involved in
this process.

Introduction

Currently, most end-stage disorders can be successfully
treated by organ transplantation, including heart transplanta-
tion, liver transplantation and kidney transplantation (1-3).
However, recipients of organ transplants require a lengthy
course of immunosuppressive therapy, which may increase the
frequency of malignancies (1,4). Notably, previous studies have
shown that patients who have undergone organ transplantation
have a 2-8 times higher incidence of malignant melanoma than
those who are immunocompetent (5-8). Post-transplantation
malignancy seriously affects the quality of life of patients, and
it is one of the main causes of death among transplant recipi-
ents (9). A previous study showed that of the 126,474 deaths
in the United States after solid organ transplants between
1987 and 2018, 13% were due to cancer (10). Therefore, the
search for drugs that have both anti-rejection and antitumor
properties is essential.

Rapamycin, a macrolide antibiotic, exerts its immunosup-
pressive function mainly by acting on mammalian target of
rapamycin (mTOR) (11). Unlike calcineurin inhibitors, which
may increase tumor incidence after transplantation (12),
rapamycin can be applied to inhibit tumor spread and recur-
rence following organ transplantation (13-15). Rapamycin has
been shown to inhibit the growth of a mouse hepatocellular
carcinoma xenograft model by targeting STAT3 and affecting
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c-Myc, in addition to inhibiting angiogenesis in an in vivo
CT-26 cell model of liver metastasis (16,17). In addition,
rapamycin has been reported to inhibit tumor growth in a
mouse model of breast cancer established using the MC4-L.2
cell line, and to inhibit the viability of kaposiform heman-
gioendothelioma primary cells and human osteosarcoma
MG-63 cells by inducing autophagy and apoptosis (18-20).
For different tumor types, rapamycin may act in diverse ways.
Malignant melanoma is easily metastasized and has a poor
prognosis once it has progressed to an advanced stage (21).
Research has found that the median duration from transplant
to melanoma diagnosis in the individuals who have undergone
lung and heart transplants is 2.5 years (22). Some studies have
shown that rapamycin inhibits the growth of A375 malig-
nant melanoma in an in vitro model (23,24). However, the
mechanism of action of the effects of rapamycin on malignant
melanoma remains to be explored.

The present study aimed to examine the effects of
rapamycin on cell viability, cell apoptosis, cell cycle progres-
sion, and cellular autophagy and related signaling pathways in
B16-F10 (B16) murine melanoma cells. Additionally, in vivo
experiments were performed to verify the anti-melanoma
effect of rapamycin.

Materials and methods

Cell culture. Mouse B16 melanoma cells purchased from EK
Biosciences GmbH were cultured in Gibco Dulbecco's modi-
fied Eagle's medium supplemented (cat. no. C1995500BT)
with 1% penicillin-streptomycin and 10% gibco fetal bovine
serum (cat. no. 10099-141) (Thermo Fisher Scientific, Inc.) in
an incubator at 37°C and 5% CO,. The medium was changed
every 1-2 days, and when the cells covered 90% of the culture
flasks, they were trypsinized and passaged. All cell lines tested
negative for Mycoplasma contamination.

Reagents and drugs. The Annexin V-FITC/PI double staining
cell apoptosis detection kit (cat. no. BD556547) was purchased
from BD Biosciences. Mouse GAPDH monoclonal antibody
(cat. no. 60004-1-Ig), mouse Beclin-1 monoclonal antibody
(cat. no. 66665-1-Ig), mouse caspase 3/pl17/p19 monoclonal
antibody (cat. no. 66470-2-Ig), mouse Bax monoclonal
antibody (cat. no. 60267-1-Ig), mouse Bcl2 monoclonal
antibody (cat. no. 68103-1-Ig), mouse cyclin D1 monoclonal
antibody (cat. no. 60186-1-Ig), mouse CDK4 monoclonal anti-
body (cat. no. 66950-1-Ig), mouse CDK6 monoclonal antibody
(cat. no. 66278-1-Ig), mouse CDK?2 monoclonal antibody (cat.
no. 60312-1-Ig), rabbit cyclin El polyclonal antibody (cat.
no. 11554-1-AP), rabbit microtubule-associated protein light
chain 3 (LC3) polyclonal antibody (cat. no. 14600-1-AP), goat
anti-rabbit [gG-HRP (cat. no. SAO0001-2) and goat anti-mouse
IgG-HRP (cat. no. SA0O0001-1) antibodies were purchased
from ProteinTech Group, Inc. Rabbit sequestosome 1/p62
(cat. no. AF5384), mTOR (cat. no. AF6308), p70 ribosomal S6
kinase (p70-S6k; cat. no. AF6226), eukaryotic initiation factor
4E-binding protein (4E-BP1; cat. no. AF6432), phosphorylated
(p)-mTOR (cat. no. AF3308), p-p70-S6k (cat. no. AF3228)
and p-4E-BP1 (cat. no. AF3830) polyclonal antibodies were
purchased from Affinity Biosciences. Thiazolyl Blue (MTT;
cat. no. HY-15924), rapamycin (cat. no. HY-10219) and

chloroquine (CQ; cat. no. HY-17589A), an autophagy inhibitor
that can block the degradation of LC3 and p62 by inhibiting
the fusion of autophagosomes and lysosomes, were purchased
from MedChemExpress. Rapamycin was configured with
DMSO into 10°, 10', 10%, 10°, 10*, 105, 10°, 107 and 10* nM
concentrated reservoirs (later diluted), and stored frozen at
-20 or -80°C for in vitro cell experiments. For in vivo animal
studies, the drug solution was prepared in anhydrous ethanol
and phosphate-buffered saline (PBS) at a concentration of
1 mg/ml and stored at -20°C, ready to use.

In vitro cell viability assay. Cell suspensions made from
logarithmic cells were inoculated into 96-well culture plates
(20,000 cells/well). Solubilized rapamycin solution (final
drug concentrations, 103, 102, 10", 10°, 10", 10%, 10°, 10* and
10° nM) was added. After 48 h at 37°C, 20 ul MTT working
solution (5 g/l) was added to each well and the cells were
incubated at 37°C for 4 h. After discarding the supernatant, the
purple formazan crystals were solubilized with 150 ul DMSO.
Finally, the optical density was measured at 492 nm using a
plate reader (Multiskan FC; Thermo Fisher Scientific, Inc.).

Cell apoptosis assay. B16 cells pretreated with different
concentrations (0,0.1, 1, 10 and 100 nM) of rapamycin for 48 h
at 37°C were collected. The supernatant was collected from the
6-well plate, and ~1x10° cells/well were digested with 0.25%
EDTA-free trypsin after washing with PBS. After termination
of digestion, the cells were centrifuged at 500 x g for 5 min
at 4°C. The cells were then washed twice with PBS, 500 ul
binding buffer was added, and the cells were incubated with
Annexin V-FITC (5 ul) and PI (5 pl) at room temperature for
15 min in the dark. Finally, the stained cells were detected by
flow cytometry (NovoCyte 2040R with FlowJo v10.9; ACEA
Bioscience, Inc.) within 2 h (25).

Cell cycle analysis. The culture fluid was collected from
the cells into a centrifuge tube and set aside for termination
of digestion, and 1x10° cells/well were digested with 0.25%
trypsin after PBS rinsing. After the cells were collected into
a centrifuge tube, they were centrifuged at 4°C for 3 min at
1,000 x g. The cells were washed twice with pre-cooled PBS and
added to 1 ml pre-cooled 70% ethanol. The cells were gently
aspirated and blown with a spiking gun to prevent clumps, then
mixed and fixed at 4°C for 12 h. The cells were centrifuged for
a further 3 min at 1,000 x g and 4°C. The supernatant was then
aspirated and washed once with PBS. Subsequently, 500 ul
staining buffer (Cell Cycle Kit; cat. no. C1052; Beyotime
Institute of Biotechnology), 25 ul PI staining solution (20 X)
and 10 pl RNase A (50X) was added to each sample. After
incubation at room temperature for 30 min, PI staining was
examined by flow cytometry (NovoCyte 2040R with FlowJo
v10.9; ACEA Bioscience, Inc.).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from the B16 cells using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific,Inc.),and the A260/A280
of total RNA in each group was determined. A PrimeScript®
RT Reagent Kit (cat. no. RR047A; Takara Bio, Inc.) was used
to reverse transcribe RNA into cDNA. qPCR was performed
on a real-time PCR detection instrument (Light Cycler 48011,
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Table I. Sequences of primers used in the present study.

Gene Primer sequence (5'-3') Accession no.
Mouse GAPDH F: GGTTGTCTCCTGCGACTTCA NM_008084

R: TGGTCCAGGGTTTCTTACTCC
Mouse LC3 II F: CAAGCCTTCTTCCTCCTGGTGAATG NM_025735.3

R: CCATTGCTGTCCCGAATGTCTCC

Mouse Beclin-1

F: GACGAACTCAAGAGTGTGGAGAACC

NM_001359819.1

R: AGATGTGGAAGGTGGCATTGAAGAC

Mouse p62

F: TTCCAGCACAGGCACAGAAGAC

NM_001290769.1

R: TCCCACCGACTCCAAGGCTATC

F, forward; LC3, microtubule-associated protein light chain 3; R, reverse.

Roche Diagnostics) with a TB Green® Premix Ex Taq™ II (Tli
RNaseH Plus) cat. no. RR820A; Takara Bio, Inc.) following
standard procedures. The thermal cycling conditions were
as follows: 95°C for 30 sec of pre-denaturation; followed by
40 cycles at 95°C for 5 sec and 60°C for 30 sec; and a final
incubation at 95°C for 5 sec and 60°C for 1 min. Finally, the
reaction was cooled to 50°C in 30 sec. The relative expression
levels of autophagy-related genes were quantified using the
2-44C4 (26) method using GAPDH as a control. The mRNA
expression levels were normalized to those of GAPDH. The
primer sequences are shown in Table I.

Transmission electron microscopy (TEM). A total of 200,000
B16 cells per well were inoculated in 6-well culture plates
and allowed to grow for 48 h. TEM was used to examine the
morphology of B16 cells under 0, 1 and 10 nM rapamycin
treatment for 48 h at 37°C. Briefly, cells were immediately
fixed in electron microscopy fixative (3% osmium tetroxide)
for 2 h at 4°C. After low-speed centrifugation for 3 min at
1,000 x g and 4°C, they were rinsed three times with PBS
(pH 7.4). Subsequently, the cells were dehydrated in a graded
ethanol series, then permeabilized and embedded in acetone,
and cut into 60-80 nm ultrathin sections. Sections were
double-stained with uranium-lead (2% uranyl acetate satu-
rated alcohol solution and 3% lead citrate, each for 15 min
at room temperature 25°C), and sections were dried at room
temperature overnight. The sections were finally observed
under TEM (HT7700; Hitachi, Ltd.) and images were
collected for analysis.

Western blotting. Lysis buffer (cat. no. POO13B; Beyotime
Institute of Biotechnology) containing 1 mM phenylmethane-
sulfonyl fluoride was used to extract total cellular or mouse
tumor tissue proteins after treatment, and the bicinchoninic
acid protein assay kit (cat. no. PO010; Beyotime Institute of
Biotechnology) was used to measure protein concentration.
SDS-PAGE at a 12% concentration was used to separate
equal amounts of 0.8 pg/ul of protein samples, which were
then transferred to PVDF membranes. The membranes were
blocked for 15 min at room temperature in Rapid Blocking
Solution (cat. no. P0252; Beyotime Institute of Biotechnology)
and incubated for 2 h at room temperature with different
primary antibodies against Beclin-1, LC3, p62, CDKI,

caspase 3, Bax, Bcl2, cyclin D1, CDK4, CDK6, CDK?2, cyclin
El, mTOR, p-mTOR, p70-S6k, p-p70S6k, 4E-BP1, p-4E-BP1
(dilution for all, 1:1,500) and GAPDH (dilution, 1:10,000).
Membranes were then washed three times with PBS-0.05%
Tween 20 and then incubated with HRP-coupled anti-rabbit or
anti-mouse secondary antibodies (dilution of both, 1:10,000)
for 2 h at room temperature. After PBS washing three
times, protein bands were observed using a protein blotting
assay kit (Applygen Technologies Inc.) with ultrasensitive
enhanced chemiluminescence, and ImagelJ software (National
Institutes of Health) was used for semi-quantitative analysis of
protein bands (27).

Animals. A total of 32 male C57BL/6 mice (age, 8 weeks;
weight, 18 g) were purchased from the Guangdong Medical
Laboratory Animal Centre. The mice were housed in an
environment of 50-60% relative humidity and 21-25°C, with
an alternating light and dark cycle of 10/14 h. The mice had
free access to clean water and food. The present study was
performed in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health, Eighth Edition, 2010, and
also complied with the ARRIVE guidelines and the AVMA
euthanasia guidelines 2020 (28,29). The animal experiments
were approved by the Ethics Committee of Hainan Medical
University (Haikou, China; approval no. HYLL: 2022-227).
All protocols were in accordance with the approved guidelines
and regulations.

Model building and treatment. The abdominal hair of the
mice was first shaved and sterilized, and then B16 cells
(1x10° in 100 pl) were injected subcutaneously into the right
abdomen of 8-week-old male C57BL/6 mice to establish
a subcutaneous tumor transplantation model. These mice
were randomly and evenly grouped into four groups (n=8
mice/group). To ensure successful inoculation, tumor length
was regularly observed and recorded daily. To assess the
inhibitory effect of rapamycin on B16 melanoma cells in vivo,
the mice were treated with different doses of rapamycin
(1, 1.5 and 2 mg/kg/day) for 12 days, and the control group
was injected intraperitoneally with an equal amount of PBS.
When the tumor diameter of control mice reached the execu-
tion criteria (15 mm), all mice were euthanized by intravenous
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Figure 1. RAPA inhibits B16 cell viability in vitro. Cells were treated with RAPA for 48 h. (A) Cell viability was detected by MTT assay. (B) ICs, value of
RAPA in B16 cells. Data are presented as the mean + SD logC: for 107, 102, 10", 10°, 10', 102, 10°, 10* and 10° nM take the logarithm of the base 10. (n=3).
“P<0.01 and """P<0.0001 vs. RAPA 0 nM group. B16, B16-F10; ICs,, half-maximal inhibitor concentration; ns, not significant; RAPA, rapamycin.

injection with an overdose of anesthetic (sodium pentobar-
bital, 150 mg/kg). Humane endpoints included malignancy,
ulceration and necrosis. Tumors were removed and weighed.
Tumor volume was measured as follows: Tumor volume
(mm?)=length x width x width/2.

Immunohistochemistry. The tumor tissues were fixed with
4% paraformaldehyde at room temperature for 24 h, paraffin
embedded and cut into 4-um sections. The sections were
deparaffinized with xylene for 15 min twice and subsequently
placed in 100, 95 and 80% ethanol, and sequentially rehydrated
for 10 min. PBS-rinsed sections were immersed in 0.1 mol/l
citrate (pH 6.0) and incubated for 15 min in a microwave oven
for antigen repair. After the sections were cooled at room
temperature for 10 min, incubation with 3% H,0O,-PBS for
10 min at room temperature was used to eliminate endogenous
peroxidase activity. Next, 5% BSA (cat. no. ST023; Beyotime
Institute of Biotechnology) was applied at 37°C to close the
sections for 1 h. Subsequently, the sections were incubated
with primary antibodies against the autophagy marker
proteins LC3 (dilution, 1:200) and p62 (dilution, 1:200) at
37°C for 1 h. PBS was used to replace the first antibodies in
the blank control. After incubating with HRP-conjugated goat
anti-rabbit (dilution, 1:300) at 37°C for 20 min, tissue sections
were stained with 3,3-diaminobenzidine and hematoxylin at
room temperature for 5 min in turn. After being dehydrated
and mounted, the tissues were observed under a fluorescence
inverted microscope. Relative expression was assessed by
measuring the average optical density of positive responses in
each group using ImagelJ software.

TUNEL fluorescence staining of paraffin-embedded
tissue sections. The paraffin-embedded sections were
deparaffinized and washed twice with PBS (5 min/wash).
After shaking the sections dry, proteinase K working solu-
tion (cat. no. 11684795910; MilliporeSigma) was applied
dropwise and the sections were incubated for 25 min at
37°C before being washed twice with PBS. The sections
underwent two PBS washes after being dried once more
and treated with a membrane-breaking working solution for
10 min at room temperature. The sections were treated with

a 50-ul 1:9 mixture of reagents TdT and Cy3-dUTP from
the TUNEL kit (cat. no. 11684817910; Roche Diagnostics)
at 37°C for 1 h. After adding the DAPI staining solution
and washing the sections three times in PBS (5 min/wash),
they were maintained for 10 min at room temperature in the
dark. After submerging the slides in PBS and shaking them
three times (5 min each), the sections were blocked with an
anti-fluorescence quenching sealing agent at 37°C for 2 min
once the sections had somewhat dried. Using a fluorescence
microscope (DS-Fi3; Nikon Corporation), sections were
examined and images were captured.

Statistical analysis. All experiments were conducted at least
three times and data are presented as the mean + standard
deviation. GraphPad 9.5 software (Dotmatics) was used for
statistical analysis. Multiple groups were compared using
one-way ANOVA followed by Tukey's post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

Rapamycin reduces the viability of BI16 cells in vitro. To
investigate the effects of rapamycin on B16 melanoma cell
viability, the MTT assay was performed. B16 melanoma cells
were treated with a range of rapamycin concentrations (0, 107,
102,107, 10°, 10", 102, 10, 10* and 10° nM) for 48 h. As shown
in Fig. 1A, rapamycin at a concentration of 10" nM signifi-
cantly reduced the viability of B16 melanoma cells compared
with that in the control group. In addition, the half-maximal
inhibitory concentration of rapamycin in B16 cells was
84.14 nM (Fig. 1B).

Rapamycin induces the apoptosis of B16 cells in vitro. To
investigate the possible mechanism by which rapamycin
inhibits the viability of B16 cells, the present study examined
the apoptosis of B16 cells following rapamycin treatment
using flow cytometry. As shown in Fig. 2A and B, cell
apoptosis was increased by rapamycin in the concentration
range of 0.1-100 nM (107-10* mM). In addition, rapamycin
increased the protein expression levels of cleaved caspase 3
and Bax, and decreased the protein expression levels of Bcl2
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Figure 2. RAPA induces the apoptosis of B16 cells. B16 cells were treated with RAPA for 48 h. (A) Effects of RAPA on cell apoptosis were assessed through
flow cytometry. (B) Statistical analysis of apoptosis rates for each group in (A). (C) Cleaved caspase 3, Bax and Bcl2 protein expression levels were detected
by western blotting. (D) Relative expression of cleaved caspase 3 protein. (E) The ratio of Bcl2 to Bax protein expression. Data are presented as the mean + SD

compared with those in the control group (Fig. 2C-E). These
results indicated that rapamycin can induce the apoptosis of
melanoma cells in vitro.

Rapamycin induces cell cycle arrest in BI6 cells in vitro. After
treating B16 cells with different concentrations of rapamycin,
the cell cycle distribution of B16 cells was assessed using flow
cytometry. As shown in Fig. 3A and B, rapamycin induced
cell cycle arrest in B16 cells, with an increased proportion of
cells in G, phase and a decreased proportion of cells in G,/M
phase compared with that in the control group. Furthermore,
rapamycin reduced the protein expression levels of CDKI,
cyclin D1 and CDK4, whereas it did not affect CDK6, cyclin
El and CDK2 expression, compared with in the control group
(Fig. 3C-1). These results suggested that rapamycin may induce
B16 cell cycle arrest at G,/G, phase.

Rapamycin induces autophagy in Bl6 cells. Autophagic
vesicles observed by TEM are the gold standard for autophagy
detection. In order to understand the effect of rapamycin
on cellular autophagy, TEM was performed to observe the
structure of the cells. The results revealed that the control
cells had intact cell membranes, intact nuclear membranes,
and a small number of autophagic vesicles and autophagic
lysosomal structures (Fig. 4A). By contrast, B16 cells in the

prominent 1 and 10 nM rapamycin groups had notably more
autophagic vesicles and autophagic lysosomes than the cells
in the control group. Moreover, cells in the 1 and 10 nM
rapamycin groups exhibited marked cell membrane breaks
and mitochondrial ridge breaks. Furthermore, at the gene and
protein levels, rapamycin increased LC3 and Beclin-1 expres-
sion, and decreased p62 expression compared with that in the
control group (Fig. 4B-H). To determine whether rapamycin
enhanced autophagy, western blotting was used to detect the
changes in LC3 and p62 expression following treatment with
CQ (an autophagy inhibitor that blocks the degradation of LC3
and p62 by inhibiting the fusion of autophagosomes and lyso-
somes). Rapamycin in combination with CQ further increased
LC3 and p62 expression compared with that in the CQ group,
suggesting that rapamycin indeed induced an increase in
autophagy in B16 cells (Fig. 41-K).

Rapamycin inhibits the mTOR/p70-S6k signaling pathway in
BI6 cells. The mTOR/p70-S6k signaling pathway serves an
important role in the regulation of autophagy, cell proliferation
and cell survival in eukaryotic cells (30). To investigate the
molecular mechanism underlying rapamycin-induced cellular
autophagy in B16 cells, the expression and activation of important
components of the mTOR signaling pathway, including p-mTOR,
p-p70-S6k and p-4EBP1, were assessed after 48 h of rapamycin
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Figure 3. Effects of RAPA on the cell cycle progress of B16-F10 cells. (A) Cell cycle distribution was assessed by flow cytometry. (B) Results of statistical
analysis of cell rates at different time periods for each group in (A). (C) CDKI, cyclin D1, CDK4, CDK®, cyclin E1 and CDK2 protein expression levels were
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treatment. As shown in Fig. 5, the phosphorylation of mTOR
and p70-S6k was downregulated by rapamycin compared with
that in the control group, whereas there was no change in 4EBP1
phosphorylation. This result suggested that the mTOR/p70-S6k
signaling pathway may be inhibited by rapamycin.

Rapamycin induces autophagy and inhibits the growth of
melanoma BI6 cells in the C57BL/6 mouse model. To deter-
mine whether rapamycin inhibits melanoma growth in vivo,
B16 cells were subcutaneously injected into the abdomen of
8-week-old male mice, and rapamycin was administered at
1, 1.5 or 2 mg/kg/day. As shown in Fig. 6A-C, rapamycin at
1, 1.5 and 2 mg/kg/day effectively inhibited B16 melanoma
growth compared with that in the control group. Western blot-
ting results showed that the protein expression levels of LC3
II were increased, whereas the protein expression levels of p62
were decreased in rapamycin-treated tumors compared with
those in the control group (Fig. 6D-F). Immunohistochemistry
results showed an increase in the area of LC3 II-positive
regions in rapamycin-treated tumors, along with a decrease
in the area of p62-positive regions compared with that in

the control group (Fig. 6G-I), which was consistent with
the western blotting results. These findings suggested that
rapamycin may induce B16 cell autophagy and suppress B16
melanoma growth in vivo.

Rapamycin induces apoptosis in mouse melanoma tumors.
TUNEL fluorescent labeling and western blotting were
performed to detect apoptosis in tumor tissues to examine
whether rapamycin may trigger apoptosis in mice with mela-
noma in vivo. TUNEL immunofluorescence results showed
that rapamycin promoted apoptosis of tumor cells in tumor
tissues compared with that in the control group (Fig. 7A).
The results of western blotting demonstrated that rapamycin
induced a reduction in Bcl2 expression, and an increase in
the expression levels of cleaved caspase 3 and Bax compared
with those in the control group (Fig. 7B-D). These findings
indicated that rapamycin may cause mouse melanoma tumor
cells to undergo apoptosis.

Rapamycin inhibits the mTOR/p70-S6k/4E-BPI signaling
pathway in a mouse model. To determine if proteins
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associated with the mTOR/p70-S6k signaling pathway were
altered in tumors, western blotting was performed. The
administration of 1, 1.5 and 2 mg/kg/day rapamycin resulted
in a decrease in the protein expression levels of p-mTOR,
p-P70 S6k and p-4E-BP1 in comparison to those in the control
group (Fig. 8A-D). These findings suggested that rapamycin
can inhibit the mTOR/p70-S6k/4E-BP1 signaling pathway in
tumor tissues.

Discussion

Rapamycin, a powerful and specific mTOR inhibitor, can
specifically activate autophagy. Data from clinical studies
have indicated that rapamycin has promising outcomes in
the prevention or treatment of post-transplant tumor recur-
rence (13-15,31). However, the mechanism underlying the

antitumor action of rapamycin has not yet been fully eluci-
dated. The present study demonstrated that rapamycin may
inhibit B16 melanoma cell growth by inducing autophagy in a
C57BL/6 mouse model.

Melanoma is a malignant tumor, the frequency of which has
quickly increased in recent decades (32). Melanoma is difficult
to diagnose in the early stages and is often fatal once it has
progressed to an advanced stage (33). Wang et al (24) reported
that rapamycin can inhibit A375 melanoma cell growth. In the
current study, it was confirmed that rapamycin could inhibit
the viability of B16 melanoma cells both in vivo and in vitro.

The mechanism underlying the suppressive effects of
rapamycin on B16 melanoma cells is not well understood. Cell
cycle dysregulation is one of the key hallmarks of cancer cells.
Numerous chemotherapeutic agents cause cell cycle arrest and
promote apoptosis to stop the growth of human glioblastoma
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and other types of cancer cells (34,35). Furthermore, rapamycin
has been shown to induce cell cycle arrest in the G, phase and
promote apoptosis in several cancer types, including renal
cancer cells and glioma cells (36,37). The present results
revealed that rapamycin treatment increased the proportion of
B16 cells in the G, phase, and decreased the protein expression

levels of CDKI1, cyclin D1 and CDK4. We therefore hypoth-
esized that rapamycin-induced cell cycle arrest may be one of
the mechanisms that inhibits the viability of B16 cells.
Induction of apoptosis is key in the suppression of tumors.
Rapamycin is a classic autophagy inducer, which is able to
induce autophagy in most vital cells (38-41). However, some
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studies have also found that it can induce the apoptosis of
certain types of cells, including Kaposiform hemangioendo-
thelioma primary cells, human MG-63 osteosarcoma cells and
SHSYS5Y neuroblastoma cells (19,20,42.,43). It has been shown
that rapamycin induces B16 cell apoptosis in a lung metastasis
model (44). The present study showed that rapamycin can
cause B16 cells to undergo apoptosis both in vivo and in vitro
by increasing the expression levels of the apoptotic proteins
cleaved caspase 3 and Bax. This may be one of the underlying
mechanisms by which rapamycin prevents B16 cell viability.
The relationship between autophagy and cancer has long
been discussed, and there exists an ‘autophagy paradox’. On
the one hand, autophagy breaks down cellular components that
may supply substrates for biogenesis, including cancer cells. On

the other hand, if this process is overactive, cells may exces-
sively degrade and eventually die, including cancer cells (45).
Studies have shown that in breast cancer, osteosarcoma and
pancreatic cancer, inducing autophagy can significantly
inhibit growth and proliferation (46-48). The present results
also showed that rapamycin induced B16 melanoma cell
autophagy and suppressed cell viability in a dose-dependent
manner. LC3 and p62 proteins are two important indicators
of autophagy. LC3 is the only mammalian autophagy-related
protein known to be uniquely associated with autophagosomes
and is positively correlated with the amount of autopha-
gosomes. By contrast, the p62 protein is degraded after the
formation of autophagic lysosomes and therefore its concen-
tration is generally considered to be inversely correlated with
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autophagic activity (49). p62 has been used as a marker for
the inhibition of autophagy, with its reduction indicating the
activation of autophagy (50). The present study demonstrated
that rapamycin promoted autophagy in mouse B16 melanoma
cells in vivo and in vitro. We therefore hypothesized that
cellular autophagy may be one of the main mechanisms by
which rapamycin inhibits B16 cell viability.

The fact that autophagy is a highly dynamic, multi-step
process that can be regulated at various levels. The ratio of
the rate of autophagosome formation to the rate of destruction
by fusion with lysosomes determines the number of autopha-
gosomes that may be detected at any given time point (51).
Therefore, an increase in LC3 II may indicate either an increase
in autophagosome production brought on by the induction of
autophagy or an obstruction of the subsequent autophagic stages,
such as ineffective fusion or decreased autophagosome destruc-
tion (52). To confirm that rapamycin induced autophagy in B16
cells, changes in LC3 II expression were observed in response to
CQ intervention. The results showed that rapamycin combined
with CQ induced a further increase in LC3 II expression, which
indicated that autophagy was further induced by rapamycin at
the level of basal autophagy. This finding suggested that induc-
tion of autophagic kinetics is an important mechanism by which
rapamycin inhibits the viability of B16 cells.

Dysregulated mTOR signaling is linked to cancer, metabolic
dysregulation and aging. The mTOR and PI3K/AKT/mTOR
complex 1 (mTORC]1) signaling pathway are essential for the
regulation of numerous fundamental cell processes, including
protein synthesis, cell viability, metabolism, survival, catabo-
lism and autophagy (53). Two essential molecules, p70-S6k
and 4E-BP1I, that support translation and protein synthesis are

phosphorylated by mTORCI to control protein synthesis (54).
It has been reported that inhibition of the mTOR/p70-S6k
signaling pathway suppresses cell viability, and induces apop-
tosis and autophagy (30). Rapamycin differentially inhibits
S6Ks and 4E-BP1 to mediate cell type-specific repression
of mRNA translation. (55,56). The present study revealed
that rapamycin inhibited the phosphorylation of mTOR
and p70-S6k in B16 cells in a dose-dependent manner both
in vivo and in vitro. These findings indicated that rapamycin
may slow down the viability of B16 cells by inhibiting the
mTOR/p70-S6k pathway, inducing autophagy and/or inhib-
iting protein synthesis in B16 cells.

Overall, the present study demonstrated that rapamycin
inhibited the viability of B16 cells in vitro and in vivo by
inducing autophagy and apoptosis, and that inducing cell
cycle arrest in the G, phase may also be one of the underlying
mechanisms. In addition, rapamycin inhibited activation of
the mTOR/p70-S6k signaling pathway, which controls protein
synthesis and negatively regulates autophagy. Therefore, it was
hypothesized that rapamycin may inhibit B16 cell viability
by inducing autophagy and/or inhibiting protein synthesis
through inactivation of the mTOR/p70-S6k signaling pathway;
however, this hypothesis requires further study. In conclu-
sion, the present study identified the possible mechanisms
underlying rapamycin-induced tumorigenesis inhibition and
provides a theoretical basis for rapamycin therapy of tumors in
organ transplant recipients.
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