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Abstract. Sirtuin 6 (SIRT6) is a member of the nicotinamide 
adenine dinucleotide positivity-dependent class III deacetylase 
sirtuin family. The present study aimed to explore the expres-
sion and function of SIRT6 in colon cancer. Furthermore, the 
partial mechanism underlying the dysregulation of SIRT6 was 
investigated. The results of immunohistochemistry demon-
strated that SIRT6 was markedly downregulated in colon 
cancer tissues, and patients with high SIRT6 expression had 
a better prognosis than those who did not. The proliferation 
and apoptotic assays demonstrated that SIRT6 was able to 
suppress colon cancer cell proliferation and induce apoptosis 
via the Janus kinase 2 (JAK2)/signal transducer and activator 
of transcription 3 (STAT3) signaling pathway. MicroRNAs 
(miRNAs/miRs) are important non-coding RNAs, which have 
a critical role in the negative regulation of their target genes. 
Through bioinformatics analysis and further experiments, the 
results demonstrated that miR-34c-5p was not only dysregu-
lated in colon cancer tissues but may also regulate SIRT6 
expression via interaction with the 3'-untranslated region of 
SIRT6 mRNA. The proliferation and apoptotic assays indi-
cated that miR-34c-5p could directly promote cell growth and 
inhibit apoptosis via activation of the JAK2/STAT3 signaling 
pathway, which was similar to silencing SIRT6. In conclusion, 
the results of the present study demonstrated that miR-34c-5p 
promoted colon cancer cell proliferation by targeting SIRT6 
via activation of the JAK2/STAT3 signaling pathway. It may 
be hypothesized that SIRT6 is a potential biomarker for colon 

cancer prognosis, and the miR-34c-5p/SIRT6/JAK2/STAT3 
axis may provide novel insights into colon cancer treatment.

Introduction

Colon cancer is one of the top three most common types 
of cancer worldwide, and is associated with high levels of 
morbidity and mortality (1). Despite the development of 
colorectal endoscopy, the incidence of colon cancer has 
continued to rise. Numerous therapies are currently available 
for the treatment of colon cancer; however, the associated 
mortality rate remains largely unimproved. Therefore, the 
pathogenic mechanisms underlying the development and 
progression of colon cancer require further elucidation, in 
order to develop better therapeutic strategies.

Sirtuin 6 (SIRT6) is a member of the nicotinamide adenine 
dinucleotide positivity-dependent class III deacetylase sirtuin 
family, which is involved in various signaling pathways that 
regulate gene transcription and glucose homeostasis (2-4). 
In cancer research, SIRT6 is considered of great importance 
in the development and progression of numerous types of 
cancer (5,6). SIRT6 has been reported to suppress liver cancer 
tumorigenesis in mice (7-9). Notably, SIRT6 has been revealed 
to act as an oncogene in skin and prostate cancer (10,11). These 
previous findings suggest that its function may be tissue-
dependent; however, the expression of SIRT6 in patients with 
colon cancer and its association with clinical features remain to 
be fully elucidated. Furthermore, the mechanisms underlying 
the function of SIRT6 in colon cancer and its dysregulation 
remain to be elucidated.

MicroRNAs (miRNAs/miRNAs) are a large family of 
short single-stranded endogenous and non-coding RNAs, 
which contain 19-22 nucleotides. miRNAs can affect gene 
expression at the transcriptional or post-transcriptional level 
by interacting with the 3'-untranslated region (UTR) of target 
gene mRNAs (12,13). Increasing bioinformatics evidence and 
subsequent functional assays have revealed that miRNAs serve 
key roles in numerous biological processes in several types 
of cancer, including apoptosis and proliferation (14). With 
the development of bioinformatics, differentially expressed 
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miRNAs in colon cancer tissues compared with in adjacent 
tissues have been detected (15); however, with the exception 
of miR-34a, miRNAs that regulate SIRT6 expression remain 
unknown (16).

In the present study, the expression levels of SIRT6 were 
detected in colon cancer tissues and adjacent tissues by 
immunohistochemistry (IHC), and the correlation between 
SIRT6 and clinical features was investigated. Cell counting 
kit-8 (CCK-8) and apoptotic assays were used to explore the 
effects of SIRT6 on proliferation and apoptosis. Using bioin-
formatics analysis, the present study identified miR-34c-5p 
as the most likely miRNA to interact with SIRT6 mRNA. 
Subsequently, it was confirmed that miR-34c-5p could bind to 
the 3'-UTR of SIRT6 mRNA, using human colon cancer cell 
lines RKO and HCT116. Furthermore, the ectopic expression 
of miR-34c-5p promoted tumor cell proliferation and inhibited 
apoptosis of colon cancer cells via activation of the Janus 
kinase 2 (JAK2)/signal transducer and activator of transcrip-
tion 3 (STAT3) signaling pathway, which was consistent with 
the effects of SIRT6 downregulation.

Materials and methods

Tissue chip and IHC. The tissue chip (HColA180Su09) used 
in the present study comprised 100 colon cancer tissues and 
80 corresponding adjacent colon tissues (1.5 cm away from 
the resection edge of the tumor; no residual tumor confirmed), 
and was purchased from Shanghai Outdo Biotech Co., Ltd. 
(Shanghai, China). The patients were operated on between 
May 2006 and May 2007, and the last follow-up was July 2015. 
All patients were pathologically diagnosed with colon cancer 
and did not receive treatment prior to surgery. The details 
of tissue chip production, including information regarding 
informed consent and ethics committee approval, and the 
IHC protocol were previously elaborated by Ding et al (17). 
The antibody used for IHC was as follows: Anti-SIRT6 
(dilution 1:100; cat. no. 13572-1-AP; Proteintech, Rosemont, 
IL, USA). The solvent [antibody diluent (Dako, Glostrup, 
Denmark)] of the primary antibody as a negative control. 
In the present study, three tissue points, which failed to be 
stained, and their matched tissues were excluded.

Immunostaining was evaluated by two pathologists who were 
blinded to the clinical information. The proportion of posi-
tive cells was categorized as follows: <25%, score 1; 26-50%, 
score 2; 51-75%, score 3; 76-100%, score 4. In addition, the 
extent of staining was scored as follows: No staining, 1; light 
yellow staining, 2; light brown staining, 3; brown staining, 4. 
The average of the two scores was used to define low expres-
sion (average <6) or high expression (average ≥6).

Bioinformatics analysis. The miRNA microarray dataset 
GSE35982, using the GPL14767 microarray platform, was 
downloaded from the National Center for Biotechnology 
Information Gene Expression Omnibus (GEO; http://www.
ncbi.nlm.nih.gov/geo/). The experimental design was described 
by Fu et al (15). The known human miRNAs registered 
in miRBase (Release 21; http://www.mirbase.org/) were 
used to analyze the differential expression of miRNAs with 
limma package (18); if numerous probes corresponded to 

one gene, their expression values were treated as averages. 
|log fold change|>1.5 and P<0.05 were used to determine 
significant differentially expressed miRNAs between cancer 
and matched adjacent tissues. The miRNAs possibly targeting 
SIRT6 were predicted using miRanda (http://www.microrna.
org/microrna/home.do) and MicroCosm Targets (http://www.
ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/).

Cell culture. The human colon cancer cell lines RKO, HT-29, 
SW620, COLO 205 and HCT116 were purchased from the Cell 
Bank of the Chinese Academy of Sciences (Shanghai, China). 
All cells were grown in Roswell Park Memorial Institute-1640 
medium supplemented with 10% fetal bovine serum (both 
from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) and 100 U/ml penicillin + 100 µg/ml streptomycin. Cells 
were cultured at 37˚C in an incubator containing 5% CO2. 
To suppress the JAK2/STAT3 signaling pathway, cells were 
treated with 50 µM AG490 (a JAK2 protein tyrosine kinase 
inhibitor, dissolved in dimethyl sulfoxide) (Selleck Chemicals, 
Houston, TX, USA) 1 day post-transfection for at least 24 h 
at 37˚C. The solvent of AG490 (1 µl), dimethyl sulfoxide, was 
used to treat the negative control group.

Synthetic RNA oligonucleotides and transient transfection. 
miRNA inhibitors, miRNA mimics, negative control (NC), 
SIRT6 small interfering (si)RNA (si-SIRT6), NC-siRNA, SIRT6 
overexpression plasmid vector with pcDNA 3.1 and its control 
plasmid vector were all obtained from Shanghai GenePharma 
Co., Ltd. (Shanghai, China). The sequences of oligonucleotides 
were follow: miRNA mimics, 5'-AGGCAGUGUAGUUAGCU 
GAUUGC-3' and 5'-AAUCACUAACCACACGGCCAGG-3'; 
miRNA inhibitors, 5'-GCAAUCAGCUAACUACACUG 
CCU-3'; miRNA NC, 5'-CAGUACUUUUGUGUAGUACAA-3'; 
si-SIRT6, 5'-TCATGACCCGGCTCATGAA-3'; NC-siRNA, 
5'-TCACCCATCGGTACGTGAA-3'. Briefly, RKO and HCT116 
cells (200x103 cells/well) in 6-well plates were transfected using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. The oligonucleotide 
doses used were the largest doses suggested by the manufacturer's 
protocols. All transfections were transient; the cells were not 
harvested for subsequent assays until 48 h post-transfection.

RNA extraction and reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR). Total RNA was extracted 
from the cells using TRIzol® reagent 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's protocol. 
miRNA RT-qPCR was performed using Hairpin-it miRNAs 
qPCR Quantitation kit (Shanghai GenePharma Co., Ltd.) 
according to the manufacturer's protocol. For mRNA RT-qPCR, 
RT was performed using the PrimeScript RT Reagent kit and 
RT-qPCR was conducted using the QuantiTect SYBR-Green 
PCR kit (both from Takara Biotechnology Co., Ltd., Dalian, 
China) on an ABI 7500 Fast System Thermocycler (Thermo 
Fisher Scientific, Inc.), according to the manufacturers' proto-
cols. qPCR for mRNA expression was conducted as follows: 
Initial denaturation at 95˚C for 30 sec, followed by 40 cycles of 
annealing at 95˚C for 5 sec and extension at 60˚C for 30 sec. 
qPCR for miRNA expression was conducted as follows: Initial 
denaturation at 95˚C for 3 min, followed by 40 cycles of 
annealing at 95˚C for 12 sec and extension at 62˚C for 60 sec. 
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The relative miRNA expression of each gene was normalized 
to U6 RNA levels, and the relative mRNA expression levels 
were normalized to GAPDH mRNA expression. Triplicate 
reactions were performed, and the data were analyzed using the 
2-ΔΔCq method (19). The primers were synthesized by Shanghai 
GenePharma Co., Ltd. The primer sequences were as follows: 
miR-34c-5p, forward, 5'-tgccagttagtagcccagaagcaa-3' and 
reverse, 5'-tgatgtgccagggaagaaagccta-3'; SIRT6, forward, 5'-gcg 
tgtggagtatttggatgac-3' and reverse, 5'-agtgtgatgatggtgagga 
tgg-3'; and GAPDH, forward, 5'-ttctacaatgagctgcgtgtggct-3' and 
reverse, 5'-tagcacagcctggatagcaacgta-3'. The U6 primers were 
purchased from Sangon Biotech Co., Ltd. (Shanghai, China) 
and the primers were: Forward, 5'-ATTGGAACGATACAG 
AGAAGATT-3' and reverse, 5'-GGAACGCTTCACGAAT 
TTG-3'. For comparison, the relative expression levels of the 
blank group were set to 1.

Protein extraction and western blot analysis. Colon cancer cells 
were washed twice with PBS and lysed with radioimmunopre-
cipitation assay buffer (Beyotime Institute of Biotechnology, 
Beijing, China). Protein concentrations were determined using 
a bicinchoninic acid protein kit (Thermo Fisher Scientific, 
Inc.). Total protein (40 µg) was separated by 10% SDS-PAGE 
and proteins were transferred to polyvinylidene difluoride 
membranes. The membranes were blocked with 5% defatted 
milk in Tris-buffered saline containing 0.5% Tween-20 at room 
temperature for 2 h. The membranes were then incubated with 
primary antibodies, including anti-SIRT6 (ab191385; dilu-
tion 1:2,000), anti-phosphorylated-JAK2 (ab32101; dilution 
1:2,000), anti-JAK2 (ab108596; dilution 1:5,000), anti-phos-
phorylated-STAT3 (ab76315; dilution 1:3,000), anti-STAT3 
(ab68153; dilution 1:1,000), anti-tubulin (ab6046; dilution 
1:500) and anti-GAPDH (ab9485; dilution 1:1,000) (all from 
Abcam, Cambridge, MA, USA), at 4˚C overnight. Finally, the 
membranes were washed and incubated with the horseradish 
peroxidase-conjugated secondary antibody (ab6721; dilution 
1:5,000; Abcam) for 2 h at room temperature. The protein bands 
were detected using an electrochemiluminescence substrate 
(Thermo Fisher Scientific, Inc.) via a chemiluminescence 
method (LAS-3000; Fujifilm Corporation, Tokyo, Japan). The 
details of western blot analysis of the JAK2/STAT3 signal 
pathway are clearly described by Feng et al (20).

Dual-luciferase assays. Cells (2-4x105 cells/well) were seeded 
into 6-well plates and cultured overnight. The cells were then 
transfected with the control vector, wild-type or mutant SIRT6 
luciferase plasmids (1 µg wild-type or mutant plasmids per 
well; Shanghai GeneChem Co., Ltd., Shanghai, China) using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.). The wild-type plasmid contained the predicted binding 
site of miR-34c-5p, whereas the mutant plasmid contained a 
mutated sequence of the predicted binding site of miR-34c-5p 
(5'-CATCAGATCACCGATCCACGCC-3'). In addition, cells 
were cotransfected with miR-34c-5p mimics, inhibitors or NC. 
Relative luciferase activities were standardized to the activity 
of the Renilla luciferase reporter gene and were assessed 
24 h following cotransfection. Firefly and Renilla luciferase 
activities were quantified using a dual-luciferase assay system 
(Promega Corporation, Madison, WI, USA) according to 
the manufacturer's protocol. For the ease of comparison, the 

luciferase values of cells transfected with NC + control vector 
were set to 1.

Cell proliferation assays. Cell proliferation was measured 
using CCK-8 (Beyotime Institute of Biotechnology). 
Post-transfection, cells were seeded in 96-well plates at a 
density of 3-5x103 cells/well. CCK-8 (10 µl/well) was added at 
various time points (0, 1, 2 and 3 days) and incubated at 37˚C 
for 2 h. To estimate the number of viable cells, the absorbance 
of each well was detected at 450 nm using a microplate reader 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The assays 
were performed in triplicate to reduce random errors.

Colony formation assays. The colony formation assays were 
used to estimate in vitro tumorigenicity. A total of 200 cells 
were seeded into 6-well plates post-transfection. The cells 
were cultured for 7 days at 37˚C until most of the single 
colonies contained >50 cells. Subsequently, the cells were 
washed with PBS, fixed with 5 ml 100% paraformaldehyde 
for 15 min and stained with 0.1% crystal violet for 30 min at 
room temperature. The number of colonies was counted under 
a light microscope.

Cell apoptosis analysis. Flow cytometric analysis of apoptosis 
was performed using an Annexin V/fluorescein isothiocya-
nate (FITC) and propidium iodide (PI) apoptosis detection kit 
(BD Biosciences, San Jose, CA, USA) following transfection 
for 48 h. The cells were harvested using trypsin, washed 
twice with cold PBS and suspended in binding buffer. The 
cell suspension (300 µl) was incubated with Annexin V/FITC 
(5 ml) in a light-resistant container at room temperature for 
15 min. Finally, PI (2 ml) was added 5 min prior to detection 
using a flow cytometer (Bio-Rad Laboratories, Inc.). Each 
experiment was performed at least three times.

Statistical analysis. The difference in SIRT6 expression 
between cancerous and adjacent tissues was analyzed by χ2 test. 
Overall survival was analyzed by Kaplan-Meier analysis and 
log-rank test. Univariate analysis and multivariate survival 
analysis were performed using a Cox regression model. The 
association between SIRT6 and clinical characteristics was 
explored using Spearman rank correlation. Other data are 
presented as the means ± standard deviation, and were analyzed 
by Student's t-test when comparing two groups or two-way anal-
ysis of variance followed by Student-Newman-Keuls-q test. 
Statistical analyses were processed using SPSS 23.0 soft-
ware (IBM Corporation, Armonk, NY, USA) and GraphPad 
Prism 5.0 (GraphPad Software, La Jolla, CA, USA). P<0.05 
was considered to indicate a statistically significant differ-
ence. Bioinformatics analysis was processed using R program 
version 3.2.2 (R Foundation for Statistical Computing, Vienna, 
Austria; http://www.r-project.org/).

Results

SIRT6 is downregulated in colon cancer tissues. SIRT6 
expression was assessed in cancerous and adjacent tissues by 
IHC, as shown in Fig. 1 and Table I. SIRT6 was revealed to be 
predominantly expressed in the nucleus and was significantly 
overexpressed in adjacent tissues compared with in cancerous 
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tissues (P<0.05). The association between SIRT6 and clinical 
features, such as TNM stage and pathological grade, are 
shown in Table II; the tissue points that failed to be stained 
were excluded. The results indicated that the expression of 
SIRT6 was negatively associated with T stage, which is mainly 
affected by proliferation and apoptosis (P<0.05). Furthermore, 
univariate survival analysis was conducted and the results 

demonstrated that the patients with high SIRT6 expression had 
a better prognosis relative to those with a lower expression of 

Figure 1. Immunohistochemical staining of SIRT6. High expression of 
SIRT6 in adjacent colon tissues: (A) Magnification, x200; (B) magnification, 
x100. Negative control: (C) Magnification, x200; (D) magnification, x100. 
High expression of SIRT6 in colon cancer tissues: (E) Magnification, x200; 
(F) magnification, x100. Low expression of SIRT6 in colon cancer tissues: 
(G) Magnification, x200; (H) magnification, x100. High expression of SIRT6 
in adjacent tissues: (I) Magnification, x200; (J) magnification, x100. Low 
expression of SIRT6 in adjacent tissues: (K) Magnification, x200; (L) magni-
fication, x100. SIRT6, sirtuin 6.

Table I. Differential expression of SIRT6 in paired cancerous 
and adjacent tissues.

 SIRT6 expression
 ---------------------------
Tissue n High Low χ2 value P-value

Cancerous 77 37 40 5.1970 0.02a

Adjacent 77 51 26

aP<0.05. SIRT6, sirtuin 6.

Table II. Correlation between SIRT6 expression and clinical 
features.

 SIRT6 expression
 -------------------------
Characteristic High Low Total rs P-value

Sex    -0.141 0.168
  Female 26 17 43
  Male 25 29 54
Age (years)    -0.024 0.822
  ≤70 25 17 42
  >70 22 28 50
  Null     5
Grade    -0.113 0.272
  I   3   4   7
  II 32 21 53
  III 16 21 37
T stage    -0.241 0.02a

  T1   1   0   1
  T2   5   0   5
  T3 38 35 73
  T4   5   9 14
  Null     4
N stage    -0.164 0.113
  N0 34 24 58
  N1 15 12 27
  N2   2   8 10
  Null     2
M stage    -0.188 0.065
  M0 51 43 94
  M1   0   3   3
TNM stage    -0.168 0.104
  I   4   1   5
  II 30 23 53
  III 17 17 34
  IV   0   3   3
  Null     2

aP<0.05. SIRT6, sirtuin 6.
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SIRT6 (Fig. 2; 26.1 vs. 50.2%, P<0.01). In addition, N stage, 
M stage, TNM stage, age and grade were associated with the 
prognosis of colon cancer. To determine whether SIRT6 is an 
independent prognostic factor, these variables, which were 
associated with prognosis, were included in a multivariate 
Cox regression analysis; the results demonstrated that SIRT6 
expression was a protective independent prognostic factor. In 
addition, age and grade were isolated factors harmful to the 
prognosis of patients with colon cancer (Table III).

SIRT6 inhibits colon cancer cell proliferation and promotes 
apoptosis. Thorough western blot analysis, it was demon-
strated that SIRT6 was highly expressed in RKO cells and 
lowly expressed in HCT116 cells (Fig. 3A). To explore the 
role of SIRT6 in colon cancer, HCT116 and RKO cells were 
transfected with si-SIRT6, NC-siRNA, SIRT6 overexpres-
sion plasmid vector or control plasmid vector. SIRT6 was 
overexpressed in the HCT116 cell line and was knocked down 
in the RKO cell line. Transfection efficiency was confirmed, 
as shown in Fig. 3B and C. The results of CCK-8 assays 

demonstrated that overexpression of SIRT6 significantly 
inhibited cell viability, whereas SIRT6 knockdown had the 
opposite effect (Fig. 3D; P<0.05). Furthermore, through 
apoptotic analysis, upregulation of SIRT6 was revealed to 
markedly increase cell apoptosis, whereas SIRT6 knockdown 
suppressed it (Fig. 3E and F). On the basis of colony formation, 
enhancing the expression of SIRT6 significantly reduced the 
colony-forming ability of cells, whereas SIRT6 knockdown 
exhibited the opposite effects (Fig. 3G and H).

JAK2/STAT3 signaling is suppressed in colon cancer cells in 
response to SIRT6 overexpression. Previous study has revealed 
that the JAK2/STAT3 signaling pathway is highly activated 
in colon cancer, and contributes to proliferation, migration, 
invasion, cell cycle progression and angiogenesis (21-24). 
The association between SIRT6 and JAK2/STAT3 has been 
confirmed in other cancers; however, to the best of our 
knowledge, it has not been reported in colon cancer (20,25). 
Therefore, the present study aimed to determine the effects 
of SIRT6 overexpression on the JAK2/STAT3 signaling 
pathway. The results indicated that SIRT6 overexpression 
markedly reduced the phosphorylation of JAK2 and STAT3 
compared with in the control cells, whereas silencing SIRT6 
increased the phosphorylation of JAK2 and STAT3 (Fig. 4A). 
These results indicated that SIRT6 may suppress proliferation 
and induce apoptosis via inactivation of the JAK2/STAT3 
signaling pathway in colon cancer cells.

The JAK2 inhibitor AG490 was used to further confirm 
whether SIRT6 may serve a role in the JAK2/STAT3 
signaling pathway. RKO cells transfected with si-SIRT6 were 
treated with AG490. As shown in Fig. 4B, AG490 markedly 
decreased the expression levels of phosphorylated (p)-JAK2 
and p-STAT3, whereas the inhibitory effects were abolished 
by si-SIRT6. Furthermore, SIRT6 downregulation promoted 
the proliferation of cells and inhibited apoptosis, whereas the 
JAK2 inhibitor exhibited the opposite effects. Furthermore, 
the effects of AG490 on cell proliferation and apoptosis were 
counteracted by SIRT6 knockdown (Fig. 4C-E).

Bioinformatics analysis. miRNAs are major regulators of gene 
expression. To explore why SIRT6 is downregulated in colon 

Figure 2. Kaplan-Meier analysis of overall survival (months) in 97 patients 
with colon cancer with high and low sirtuin 6 expression. Patients with high 
SIRT6 expression had a better prognosis than those with low expression 
(log-rank test; P<0.01).

Table III. Univariate and multivariate survival analyses.

 Univariate analysis Multivariate analysis
 ---------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------
Variable HR 95% CI P-value HR 95% CI P-value

Sirtuin 6 expression 0.475 0.282-0.799 0.005a 0.531 0.301-0.936 0.029a

Sex 1.052 0.627-1.763 0.849
Age (years) 1.955 1.132-3.373 0.016a 2.399 1.297-4.437 0.005a

T stage 1.540 0.861-2.754 0.146
N stage 2.233 1.553-3.213 <0.001a 1.808 0.823-3.971 0.140
M stage 13.908 3.680-46.626 <0.001a 1.972 0.424-9.173 0.387
TNM stage 2.790 1.756-4.431 <0.001a 1.136 0.441-2.926 0.791
Grade 2.664 1.653-4.296 <0.001a 2.033 1.221-3.386 0.006a

aP<0.05. CI, confidence interval; HR, hazard ratio.
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cancer, the present study determined whether miRNAs may 
account for it. The results from a miRNA microarray analysis 
suggested that 10 miRNAs were significantly differentially 
expressed in colon cancer (Fig. 5A). Subsequently, miRNAs 
that possibly targeted SIRT6 were predicted by miRanda 
and MicroCosm. Notably, miR-34a and miR-34c-5p were not 
only dysregulated in colon cancer but were also predicted to 
potentially target the 3'-UTR of SIRT6 (Fig. 5B). Furthermore, 
the interaction between miR-34a and SIRT6 mRNA has been 
reported by previous studies (10,16). The possible binding sites 
between SIRT6 mRNA and miR-34c-5p are shown in Fig. 5C.

SIRT6 is a direct target of miR-34c-5p. A previous study 
reported that the expression levels of miR-34c-5p were 
increased in colorectal cancer tissues (26). To determine 

whether miR-34c-5p could interact with the 3'-UTR of SIRT6, 
miR-34c-5p and NC mimics and inhibitors were transfected 
into RKO and HCT116 cell lines. The transfection efficiency 
was measured by qPCR (Fig. 6A) and western blot analysis. 
The results demonstrated that miR-34c-5p overexpression 
inhibited the expression of SIRT6, whereas miR-34c-5p 
knockdown exhibited the opposite effect, thus indicating that 
miR-34c-5p may be a specific miRNA that targets SIRT6 in 
colon cancer cells (Fig. 6B). Subsequently, luciferase reporter 
assays were performed to determine whether miR-34c-5p 
acts on the 3'-UTR of SIRT6 mRNA. Control, wild-type 
and mutant vectors, alongside Renilla luciferase reporter 
genes, were transfected into colon cancer cells together with 
miR-34c-5p mimics, inhibitors or NC. The results demon-
strated that relative luciferase activity was significantly 

Figure 3. Effects of SIRT6 on colon cancer cell lines. (A) Expression of SIRT6 in different colon cancer cell lines. The RKO cell line had the highest expression 
and the HCT116 cell line had the lowest expression. (B) mRNA expression levels of SIRT6 after silencing or overexpression were evaluated by quantitative 
polymerase chain reaction to confirm the efficiency of transfection. si-SIRT6 markedly downregulated the expression of SIRT6 mRNA in RKO cells, and 
the SIRT6 overexpression plasmid vector increased the expression of SIRT6 in HCT116 cells. (C) Expression of SIRT6 after silencing or overexpression was 
assessed by western blot analysis, to confirm the efficiency of transfection. si-SIRT6 markedly downregulated the expression of SIRT6 in RKO cells, and the 
SIRT6 overexpression plasmid vector increased the expression of SIRT6 in HCT116 cells. (D) SIRT6 overexpression inhibited cell growth compared with in 
the control groups, whereas silencing SIRT6 promoted cell proliferation compared with in the control groups; *P<0.05 vs. the NC, or control or blank groups.
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decreased in the mimics + wild-type group and increased 
in the inhibitors + wild-type group. However, no significant 
alteration in relative luminescence intensities was detected in 
the other groups (Fig. 6C and D). These findings suggested 
that miR-34c-5p may bind directly to the 3'-UTR of SIRT6 
mRNA and suppress SIRT6 expression in colon cancer cells.

Elevated expression of miR-34c-5p facilitates prolifera-
tion and inhibits apoptosis of colon cancer cells. To further 
confirm whether the functions of miR-34c-5p are contrary to 
SIRT6, miR-34c-5p mimics, inhibitors and NC were trans-
fected into cells, and CCK-8 assays were performed. The 
results indicated that transfection with miR-34c-5p mimics 
significantly facilitated cell growth, whereas transfection 
with miR-34c-5p inhibitors had the opposite effect, compared 
with in the control groups (Fig. 7A; P<0.05). To explore 
the mechanism underlying the effects of miR-34c-5p on 
promoting cell proliferation, apoptosis and colony formation 

assays were performed on cells transfected with miR-34c-5p 
mimics, inhibitors or NC. Flow cytometry suggested that the 
percentage of apoptotic cells was significantly lower in the 
mimic group compared with in the control groups, whereas 
the levels of cell apoptosis were elevated in cells exposed 
to inhibitors (Fig. 7B and C; P<0.05). The results of colony 
formation assays indicated that miR-34c-5p inhibitors weak-
ened colony-forming ability (Fig. 7D and E). These findings 
suggested that increased miR-34c-5p expression had tumor-
promoting effects in colon cancer cells, which is in accordance 
with SIRT6 knockdown.

JAK2/STAT3 signaling pathway is activated in colon cancer 
cells by miRNA-34c-5p. As aforementioned, miRNA-34c-5p 
may promote proliferation and inhibit apoptosis by silencing 
SIRT6. However, whether miR-34c-5p exerts its func-
tions via the JAK2/STAT3 signaling pathway remains 
to be elucidated. Therefore, the present study altered the 

Figure 3. Continued. (E and F) Annexin V-FITC/PI was used to detect apoptosis after silencing SIRT6 in RKO cells or overexpressing SIRT6 in HCT116 cells. 
Cell apoptosis was elevated in the SIRT6 group and decreased in the si-SIRT6 group compared with in the control groups; *P<0.05 vs. the NC-siRNA, control 
or blank groups. (G and H) Colony formation assays indicated that silencing SIRT6 enhanced the colony-forming ability of cells, whereas overexpression of 
SIRT6 exhibited the opposite effect; *P<0.05 vs. the NC-siRNA, control or blank groups. FITC, fluorescein isothiocyanate; NC, negative control; OD, optical 
density; PI, propidium iodide; si/siRNA, small interfering RNA; SIRT6, sirtuin 6.
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Figure 4. SIRT6 overexpression inhibits the JAK2/STAT3 signaling pathway in colon cancer cells. (A) Phosphorylation of JAK2 and STAT3 was increased 
in the si-SIRT6 group and inhibited in the SIRT6 group compared with the other groups. (B) Phosphorylation of JAK2 and STAT3 was activated by SIRT6 
knockdown and inhibited by AG490 in RKO cell lines. However, transfection with si-SIRT6 abolished the effects of AG490, which further confirmed that 
SIRT6 may regulate the JAK2/STAT3 signaling pathways. (C) Proliferation rate was higher in the si-SIRT6 group and lower in the si-SIRT6 + AG490 group. 
The proliferation-inhibiting effects of AG490 were attenuated by si-SIRT6; *P<0.05, si-SIRT6 group vs. the other groups; #P<0.05, AG490 group vs. the other 
groups. (D) AG490 induced apoptosis of RKO cells, whereas si-SIRT6 exerted the opposite effect. However, the effects of AG490 were reversed by si-SIRT6; 
*P<0.05 vs. other groups; #P<0.05 vs other groups. (E) Colony-forming ability was increased by SIRT6 knockdown and decreased by AG490. The effects of 
AG490 could be eliminated by SIRT6 knockdown; *P<0.05 vs. the other groups; #P<0.05 vs. the other groups. DMSO, dimethyl sulfoxide; FITC, fluorescein 
isothiocyanate; JAK2, Janus kinase 2; NC, negative control; OD, optical density; p-, phosphorylated; PI, propidium iodide; si/siRNA, small interfering RNA; 
SIRT6, sirtuin 6; STAT3, signal transducer and activator of transcription 3; t, total.
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expression of miR-34c-5p, in order to observe its effects on 
the JAK2/STAT3 signaling pathway. The results demonstrated 

that the JAK2/STAT3 signaling pathway was activated in the 
mimic group compared with in the NC and blank groups. 

Figure 5. Bioinformatics analysis. (A) Cluster analysis of the differentially expressed miRNAs between colon cancer tissues (‘C') and adjacent tissues (‘N'). 
A total of 10 significant differentially expressed miRNAs (|log fold change|>1.5 and P<0.05) are highlighted in green (downregulated) and red (upregulated). 
(B) Overlap analysis of miRanda, MicroCosm and differentially expressed miRNAs. miR-34c-5p and miR-34a are most likely to interact with the 3'-untrans-
lated region of SIRT6 mRNA. (C) Potential binding sites of miR-34c-5p and SIRT6 mRNA. miR, microRNA; SIRT6, sirtuin 6.

Figure 6. (A) Transfection efficiency was confirmed by quantitative polymerase chain reaction. miR-34c-5p mimics upregulated the expression of miR-34c-5p 
in RKO cells and miR-34c-5p inhibitors downregulated the expression of miR-34c-5p in HCT116 cells. (B) Effects of miRNA mimics and inhibitors on 
SIRT6 expression in colon cancer cell lines, as determined by western blot analysis. SIRT6 expression was suppressed by miR-34c-5p mimics and increased 
by inhibitors. (C and D) Dual-luciferase reporter assays used vectors encoding wt or mut putative miR-34c-5p target sites in the SIRT6 3'-UTR. Data were 
normalized by Renilla/Firefly luciferase activity. The relative luciferase activity of the mimics + wt group was clearly lower, and that of the inhibitors + wt 
group was significantly higher compared with the other groups; *P<0.05 vs. other groups. con, control vector; in, inhibitors; mi, mimics; miR, microRNA; 
mut, mutant; NC, negative control; SIRT6, sirtuin 6.



LI et al:  SIRT6 AND miR-34c-5p AFFECT PROLIFERATION AND APOPTOSIS VIA JAK2/STAT31524

Figure 7. Effects of miR-34c-5p on colon cancer cells. (A) Cell viability was determined using Cell Counting kit-8 assays post-transfection with mimics or 
inhibitors in RKO or HCT116 cell lines. miR-34c-5p mimics facilitated cell growth compared with in the control groups, whereas miR-34c-5p inhibitors sup-
pressed cell viability; *P<0.05 vs. other groups. (B and C) Annexin V-FITC/PI was employed to estimate apoptosis post-transfection with miR-34c-5p mimics 
in RKO cells or miR-34c-5p inhibitors in HCT116 cells. The results indicated that cell apoptotic rate was decreased in the mimic group and increased in the 
inhibitor group compared with in the control groups; *P<0.05 vs. other groups. (D and E) Compared with in the other groups, transfection with miR-34c-5p 
inhibitors inhibited colony formation, whereas miR-34c-5p mimics enhanced it; *P<0.05 vs. other groups. (F) JAK2 and STAT3 phosphorylation was promoted 
by mimics and decreased by inhibitors compared with in the other groups. miR-34c-5p may promote cell growth and inhibit apoptosis via the JAK2/STAT3 
pathways. FITC, fluorescein isothiocyanate; JAK2, Janus kinase 2; miR, microRNA; NC, negative control; OD, optical density; p-, phosphorylated; PI, prop-
idium iodide; SIRT6, sirtuin 6; STAT3, signal transducer and activator of transcription 3; t, total.
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Conversely, the phosphorylation of JAK2 and STAT3 was 
decreased in the inhibitor group compared with in the 
NC and blank groups (Fig. 7F). These data indicated that 
miRNA-34c-5p may exert tumor-promoting effects via activa-
tion of the JAK2/STAT3 signaling pathway.

Discussion

The SIRT family is involved in numerous biological processes, 
including apoptosis and aging (27-29). As a member of the SIRT 
family, SIRT6 serves versatile roles in human cancer. SIRT6 
acts as a cancer suppressor gene in pancreatic cancer by control-
ling Lin-28 homolog B (30), and promotes cytokine production 
and migration in pancreatic cancer cells by regulating Ca2+ 
responses (31). Decreased expression of SIRT6 promotes tumor 
cell growth and is closely correlated with the poor prognosis of 
ovarian cancer, gastric cancer and glioma (20,25,32). In non-
small cell lung cancer, SIRT6 can suppress cell proliferation 
via the inhibition of Twist1, and astragaloside IV can sensitize 
non-small cell lung cancer cells to gefitinib by upregulating 
SIRT6 (33,34). However, some studies have reported oppo-
site findings. Azuma et al and Bai et al demonstrated that 
high SIRT6 expression is associated with poor prognosis 
and reduced chemosensitivity, and may promote cancer cell 
metastasis and invasion via the extracellular signal-regulated 
kinase (ERK)1/2/matrix metalloproteinase 9 pathway (35,36). 
Notably, SIRT6 is upregulated and contributes to the progres-
sion of papillary thyroid cancer and hepatocellular carcinoma 
via numerous mechanisms (37-39). Similar to non-small cell 
lung cancer, the role of SIRT6 in hepatocellular carcinoma 
is controversial. It has previously been reported that SIRT6 
suppresses hepatocellular carcinoma cell growth by inhibiting 
the ERK signaling pathway (40). However, studies focusing on 
the role of SIRT6 in the pathogenesis and prognosis of colon 
cancer are very limited. The majority of studies regarding 
SIRT6 and colon cancer have focused on the role of SIRT6 as a 
mediator at the cellular level, suggesting that SIRT6 may have 
an inhibitory effect on colon cancer (41-43).

In the present study, the correlation between SIRT6 and 
the clinical features of colon cancer were explored by tissue 
chip and IHC. The results demonstrated that SIRT6 was 
predominantly expressed in the nucleus, and its expression in 
colon cancer was significantly lower than in adjacent tissues. 
The correlation suggested that SIRT6 was negatively associ-
ated with T stage, and the prognosis of patients with colon 
cancer was significantly increased in those with high SIRT6 
expression. Furthermore, Cox multivariate regression analysis 
indicated that SIRT6 expression was a protective independent 
prognostic factor.

T stage is mainly affected by proliferation and apoptosis. 
Since a correlation was detected between T stage and SIRT6 
expression, the present study aimed to determine whether 
SIRT6 affected proliferation and apoptosis of colon cancer 
cells. RKO cells were revealed to possess a high expres-
sion of SIRT6, whereas HCT116 cells possessed low SIRT6 
expression; these cell lines were selected for subsequent 
analyses. Using HCT116 cells in which SIRT6 overexpression 
was induced and RKO cells in which SIRT6 expression was 
knocked down, it was demonstrated that SIRT6 significantly 
attenuated proliferation and increased the levels of cell 

apoptosis. Furthermore, the results demonstrated that SIRT6 
may inactivate the JAK2/STAT3 signaling pathway, which has 
previously been reported to induce the expression of B-cell 
lymphoma 2 (Bcl-2) and Bcl-extra large, and inhibit apop-
tosis (21,25,44). The present study indicated that SIRT6 may 
act as a tumor suppressor gene in colon cancer, which may 
affect tumor size by regulating proliferation and apoptosis via 
the JAK2/STAT3 signaling pathway.

The present study demonstrated that the expression 
levels of SIRT6 were markedly decreased in cancer tissues; 
therefore, the present study aimed to determine the possible 
mechanisms underlying its downregulation. miRNAs are a 
type of small, non-coding RNA that regulate the expression 
of genes. Therefore, the present study investigated whether 
miRNAs are responsible for the dysregulation of SIRT6 in 
colon cancer. miRanda, MicroCosm and GEO databases were 
used to predict the miRNAs that may participate in SIRT6 
regulation. The results indicated that miR-34c-5p may interact 
with the mRNA of SIRT6.

miRNA-34c-5p serves various roles in numerous types 
of cancer; miRNA-34c-5p can affect the drug resistance 
of ovarian, gastric and lung cancers (45-47). In addition, 
miRNA-34c-5p has been reported to be associated with 
recurrence in laryngeal squamous cell carcinoma, and the 
development and radioresistance of nasopharyngeal carci-
noma (48-50). Furthermore, miR-34c-5p is involved in the 
proliferation, apoptosis and invasion of endometrial carci-
noma, glioma cells and cervical cancer (51-53). However, the 
biological function of miRNA-34c-5p and its target genes in 
colon cancer remains to be elucidated.

Using dual-luciferase reporter assays, the present 
study confirmed that SIRT6 is a target of miR-34c-5p, and 
increased expression of miR-34c-5p may be responsible for 
the downregulation of SIRT6 in colon cancer. Furthermore, 
the overexpression of miRNA-34c-5p resulted in a marked 
reduction in cell apoptosis and enhanced proliferation via 
activation of the JAK2/STAT3 pathway. Conversely, knock-
down of miRNA-34c-5p exhibited the opposite effects, which 
is consistent with silencing SIRT6 or ectopic overexpression 
of SIRT6.

To the best of our knowledge, the present study is the first to 
report the relationship between SIRT6 and the clinical features 
of colon cancer, and to explain the effects of miRNA on SIRT6 
dysregulation. The present study also explored the biological 
function of miRNA-34c-5p and its mechanism in colon cancer. 
However, the patients involved in the present study may not 
be enough to draw a definite conclusion that SIRT6 is associ-
ated with prognosis and T stage. More patients with different 
stages of cancer and their follow-up data should be included 
in future studies. In addition, the present study only demon-
strated that miRNA-34c-5p may promote proliferation and 
inhibit cell apoptosis through silencing SIRT6 and activating 
the JAK2/STAT3 signaling pathway; however, the in-depth 
mechanisms underlying how SIRT6 affects the JAK2/STAT3 
signaling pathway and biological functions should be further 
investigated in in vitro and in vivo experiments.

In conclusion, the present study demonstrated that 
SIRT6 downregulation, partly due to the upregulation of 
miR-34c-5p, may promote colon cancer growth via activation 
of the JAK2/STAT3 signaling pathway, and SIRT6 is likely 
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a biomarker for predicting the prognosis of colon cancer. 
Therefore, focusing on the miR-34c-5p/SIRT6/JAK2/STAT3 
regulatory axis may be considered a promising strategy for the 
treatment of colon cancer.
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