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Abstract. Cystatin SN (cystatin 1, CST1) is a member of the 
cystatin superfamily which inhibits the proteolytic activity of 
cysteine proteases. CST1 is a tumor biomarker that provides 
useful information for the diagnosis of esophageal, gastric and 
colorectal carcinomas. MicroRNAs (miRNAs or miRs) play an 
important role in tumor cell proliferation. However, the exact 
role of let-7d and CST1 in colon cancer remains unknown. 
The aim of this study was to assess whether let-7d inhibits 
colorectal carcinogenesis through the CST1/p65 pathway, 
and determine whether it may be used as a potential target 
for clinical therapy. Microarray analysis of mRNAs extracted 
from colon cancer and normal tissues was performed. The 
results of gene expression microanalysis revealed that CST1 
expression was upregulated in colon cancer compared with 
normal tissues. In addition, the upregulation of CST1 expres-
sion and the downregulation of let-7d expression in patients 
with colon cancer and in several colorectal cancer cell lines 
were confirmed by reverse transcription-quantitative PCR 
(RT-qPCR), immunohistochemistry and western blot analysis. 
In addition, siRNA targeting CST1 (CST1-siRNA) and 
let-7d-mimics were used in the HCT116 cells, and the results 
revealed that CST1 and let-7d played a role in colorectal cancer 
cell proliferation. Let-7d inhibited colorectal carcinogenesis 
through the CST1/p65 pathway. Thus, the findings of the 
present study indicate that CST1 may be a potential target for 
the future clinical therapy of colorectal cancer.

Introduction

Colon carcinogenesis is a multistep and complex process, 
involving the accumulation of a string of genetic and epigenetic 
alterations in normal colonic epithelial cells (1). Some of the 
frequent alterations found in colon cancer involve mutations 
in the tumor suppressors p53 and adenomatous polyposis 
coli (APC), as well as those in the oncogenes, BRAF, phos-
phoinositide 3-kinase (PI3K), K-ras and β-catenin, some of 
which are closely associated with the control of cell prolifera-
tion (1). The overexpression of proliferation-associated proteins, 
such as leucine-rich repeat-containing G-protein coupled 
receptor 5 (Lgr5), EPH receptor B3 (EphB3) and Sox9 is also 
common in cancer (2-4). Overproliferation in the intestinal 
epithelium is a crucial mechanism deregulating the control of 
the turnover of intestinal epithelial cells, and is progressively 
incontrollable in colon carcinogenesis (2). Excessive prolifera-
tion is a hallmark of cancer, leading to an enhanced risk of cell 
self-clonal expansion, which in turn, increases the possibility of 
the occurrence of tumorigenic, including the accumulation of 
genetic mutations, angiogenesis, growth under stress conditions 
and an extended life span (5). Studies directly investigating the 
regulatory mechanisms of malignant cell proliferation are still 
largely and urgently required.

Cystatin 1 (CST1), a secretory peptide and a member of the 
type 2 cystatin superfamily, has been reported to be closely 
associated with cell proliferation and metastasis in several 
types of cancer, such as pancreatic malignant neoplasm, gastric 
cancer, esophageal squamous cell carcinoma and colorectal 
cancer (6-9). Our previous study using microarray analysis 
identified CST1 as one of the most highly expressed genes on 
the array in pancreatic cancer. Further experiments demon-
strated that CST1 is a useful biomarker for pancreatic cancer 
cell proliferation (6). Moreover, it has been demonstrated that 
the upregulation of CST1 contributes to cell proliferation 
and the inhibition of cathepsin in gastric cancer; cathepsin is 
widely expressed in tissues and plays a role in cell prolifera-
tion, the immune response and tissue remolding (7). CST1 was 
believed to be an independent predictor of the 5-year survival 
rate of patients with surgically resected esophageal squamous 
cell carcinoma (8). Moreover, CST1 has been reported to be a 
novel biomarker of colorectal cancer (9). However, the detailed 
mechanisms responsible for the regulatory effects of CST1 on 
colon cancer cell proliferation remain to be elucidated.
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MicroRNAs (miRNAs or miRs) play an important role in 
tumor cell proliferation. With the dysregulation of miRNAs, 
the risk of carcinogenesis increases after Dicer 1, a critical 
enzyme needed for miRNA processing, is genetically manipu-
lated (10,11). Let-7d miRNA is an important family member of 
the let-7 miRNAs, which suppresses a multitude of oncofetal 
mRNAs and other pro-proliferative and/or pro-metastatic targets, 
such as high-mobility group AT-hook 2 (HMGA2), insulin-
like growth factor 2 mRNA-binding protein 1 (IGF2BP1), 
IGF2BP2 and nuclear receptor subfamily 6 group A member 1 
(NR6A1) (12-15). A number of studies have demonstrated that 
let-7d plays pivotal role in the initiation and development of 
several malignant neoplasms. Let-7d has been proven to be 
negatively associated with pancreatic ductal adenocarcinoma, 
breast cancer, oral cancer, prostate cancer, and head and neck 
cancer (16-20). Moreover, some researchers demonstrated that 
let-7d inhibited glioblastoma multiforme cell proliferation and 
accelerated cell apoptosis in melanoma, colorectal, and ovarian 
cancer (21,22). However, the association between let-7d and 
colorectal cancer has been rarely reported.

In the current study, we used microarrays to identify that 
CST1 is one of the most highly expressed mRNAs in colon 
cancer samples, compared with normal colon tissues, and we 
then further verified CST1 expression in more clinical samples 
by reverse transcription-quantitative PCR (RT-qPCR). We then 
detected 5 miRNAs (miR15b, miR-145, miR-126, miR-21 and 
let-7d), which are known as tumor-associated genes in cancer, 
including colon cancer and normal tissues (23-25). We found 
that let-7d expression was significantly decreased in colon 
cancer tissues and it was the only miRNA which was related 
to CST1 in colorectal cancer cell lines following transfection 
with miRNA mimics. We verified that CST1 and let-7d have 
an effect on colorectal cancer cell proliferation. We further 
identified the CST1/p65 pathway as the downstream pathway 
of let-7d in modulating colorectal cancer cell proliferation 
via the overexpression of let-7d or the silencing of CST1. The 
results of the current study suggest that the let-7d/CST1/p65 
pathway is a novel transduction pathway found in colorectal 
cancer cell proliferation and that it may prove to be useful in 
the prevention and treatment of colorectal cancer.

Materials and methods

Tissue samples. Colon malignant neoplasm and matched 
non-tumor tissues from 10 patients were harvested during 
surgery from The Third Affiliated Hospital of Sun Yat-sen 
University (Guangzhou, China). The information of the patients 
is presented in Table I. Their diagnosis was dependent on patho-
logical analysis. Matched non-tumor tissues were normal colon 
mucosa with biopsy tissues from the suspected patients exam-
ined using a colonoscope, which were confirmed pathological 
normality. The specimens were instantly frozen following exci-
sion and reserved at -80˚C for microarray, RT-qPCR, western 
blot analysis and immunohistochemical analysis. This study 
was approved by the Institutional Review Board at The Third 
Affiliated Hospital of Sun Yat-sen University. Written informed 
consent was obtained from each patient.

Microarray experiment. The four normal samples were 
normal colon mucosa with biopsy tissues from the suspected 

patients examined using a colonoscope. Six colon malignant 
neoplasm tissues were harvested during surgery. The samples 
were subsequently verified by histology assay. The microarray 
analysis was carried out by Capital Bio Corp. (Beijing, China). 
The array data were analyzed for data summarization, normal-
ization and quality control using the GeneSpring software v12 
(Agilent). The data were Log2 transformed and median centred 
by genes using the Adjust Data function of Cluster 3.0 soft-
ware and then further analyzed with hierarchical clustering 
with average linkage.

Cell culture and transfection. The human colorectal cancer 
cell lines, including HCT116 (colon cancer), SW480 (colon 
adenocarcinoma), HT-29 (rectosigmoid adenocarcinoma) were 
purchased from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). The cells were cultured in Dulbecco's 
modified Eagle's medium (DMEM; Gibco-BRL, New York, 
NY, USA) supplemented with 10% heat-inactivated fetal 
bovine serum and incubated in a humidified condition at 37˚C 
with 5% CO2. For overexpression or knock down experiments, 
3 siRNAs targeting CST1 (20 µM CST1 siRNA; oligo kit; 
GenePharma, Shanghai, China), the let-7d mimic and inhibitor 
kit (GenePharma) and miR15b, miR-145, miR-126, miR-21 
mimic kit (GenePharma) were transfected into the colorectal 
cancer cell lines using Lipofectamine 3000 (1901443, 
Invitrogen, Carlsbad, CA, USA) according to the manufacturer's 
instructions; the sequences of siRNAs and mimics are listed 
in Table II. The most effective siRNA sequence (number 3, 
Table II; the results of the most effective siRNA are not shown) 
was screened to attain a transfection efficiency of >90% and 
was selected to be used in the experiments. Following 1 day of 
incubation, the transfection medium with Lipofectamine 3000 
(Invitrogen) was discarded and regular culture medium was 
added for incubation in a humidified atmoshpere at 37˚C with 
5% CO2. At 48 h after transfection, the human colorectal cancer 
cell lines were used in further experiments. Subsequently, 
Bay117082 (B5556; Sigma, St. Louis, MO, USA), an NNF-κB 
inhibitor was added at an optimal dose of 30 µmol/l into the 
medium of HCT116 cells for 2 h before further experiments.

RNA extraction and RT-qPCR. With the RNAgents Total 
RNA Isolation system (Promega, Madison, WI, USA), total 
RNA was extracted from the cancer tissues, matched normal 
tissues and cell lines according to the manufacturer's instruc-
tions. For miRNA quantification, with primer sets 
(GenePharma), total RNA was reverse transcribed into cDNA 
for quantitative PCR. U6 was used to normalize the expression 
of let-7d. First-strand cDNA was synthesized using Superscript 
Reverse Transcriptase (Invitrogen) following the manufactur-
er's instructions. cDNA was diluted with diethyl 
pyrocarbonate-treated water at a 1:10 ratio. Quantitative PCR 
was executed using specific primers and the QuantiTest 
SYBR-Green PCR kit (Cat. no. 04707516001) according to the 
manufacturer's instructions (Roche, Basel, Switzerland) on an 
Applied Biosystems 7500 real-time PCR machine (Applied 
Biosystems, Foster City, CA, USA). The mRNA primers used 
and the sequences were as follows: CST1 sense, 5'-GGTACAG 
CGTGCCCTTCA-3' and antisense, 5'-TTGGGCTGGGACT 
TGGTA-3', 171-bp product; proliferating cell nuclear antigen 
(PCNA) sense, 5'-CCTGCTGGGATATTAGCTCCA-3' and 
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antisense, 5'-CAGCGGTAGGTGTCGAAGC-3', 109-bp 
product; cyclin D1 sense, 5'-GCTGCGAAGTGGAAACC 
ATC-3' and antisense, 5'-CCTCCTTCTGCACACATTT 
GAA-3', 135-bp product; cyclin E sense, 5'-CCTGCGCGAGA 
AGGAACTG-3' and antisense, 5'-CGTTGTAGCGATCCAT 
GAAGTG-3', 173-bp product; and β-actin sense, 5'-GTCTTCC 
CCTCCATCGTG-3' and antisense, 5'-AGGGTGAGGATGC 
CTCTCTT-3', 113-bp product. The reaction conditions were as 
follows: 95˚C, 5 min; (95˚C, 15 sec; 60˚C, 30 sec) x40 cycles. 
mRNA expression was normalized to β-actin.

Immunohistochemistry. Formalin-fixed tissues were 
embedded in paraffin and sliced. The 4-mm-thick sections 
were then incubated with monoclonal antibodies against 
CST1 (1:100, Sigma) overnight at 4˚C and then incubated with 
goat anti-rabbit secondary antibodies (sc-2006, Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). 3,3'-Diaminobenzidine 
was used as the chromogen. The sections were then dyed using 
hematoxylin and mounted. CST1 expression was evaluated 
qualitatively by two independent pathological experts unaware 
of the clinical and pathological information.

Western blot analysis. Total protein was extracted from the 
tissues and cell lines using tissue extraction reagent (FNN0071, 

Invitrogen) and cell extraction buffer (FNN0011, Invitrogen), 
purified and assessed qualitatively by western blot analysis. 
Total protein extracts (40 µg) were shifted to 10% gradient 
SDS-PAGE gels to separate the proteins by different molec-
ular weight and transferred onto nitrocellulose membranes for 
antigen-antibody reaction. The membranes were then blocked 
with 5% skimmed milk in PBS for 2 h and mixed with primary 
antibodies against CST1 (SAB-1405670, Sigma), p-p65 
(sc-101749), PCNA (sc-56), cyclin D1 (sc-753), p65 (sc-372) 
(Santa Cruz Biotechnology) and β-actin (sc-47778, Santa 
Cruz Biotechnology) and then incubated with goat anti-rabbit 
secondary antibodies (sc-2006, Santa Cruz Biotechnology) for 
2 h at 37˚C.

Colony formation assay. To qualitatively evaluate clonoge-
nicity, the HCT-116 cells were transfected with siRNA against 
CST1 (CST1-siRNA; GenePharma), let-7d mimic or the 
control empty vector (GenePharma) for 48 h and the HCT-116 
cells were then cultured in 6-well plates at a density of 
200 cells/well. The 6-well plates were then washed with PBS, 
fixed in methanol for 15 min, and stained with 0.5% crystal 
violet for 15 min. The plates were then photographed, and 
the colonies were counted with a high-resolution microscope 
(DMI 3000, Leica, Wetzlar, Germany).

Statistical analysis. All statistical analyses were performed 
using SPSS 18.0 software. Paired t-tests were executed to 
compare CST1 and let-7d expression among the sample tissues 
and cell lines. Significant differences were considered if the 
probability of the difference was <5 in 100 (P<0.05).

Results

Upregulation of CST1 in patients with colon cancer. In the 
current study, we used GeneChip microarrays to compare 

Table II. Sequences of siRNAs and mimics used.

Gene  Sequence

CST1 siRNA 1. 5'-GGUACUAAGAGCCAGGCAATT-3'
  5'-UUGCCUGGCUCUUAGUACCTT-3'
 2. 5'-GGUGGCAUCUAUAACGCAGTT-3'
  5'-CUGCGUUAUAGAUGCCACCTT-3'
 3. 5'-GCCAUCAGCGAGUAUAACATT-3'
  5'-UGUUAUACUCGCUGAUGGCTT-3'
Let-7d mimic 5'-AGAGGUAGUAGGUUGCAUAGUU-3'
 5'-AACUAUGCAACCUACUACCUCU-3'
miRNA15b 5'-UAGCAGCACAUCAUGGUUUACA-3'
 5'-UGUAAACCAUGAUGUGCUGCUA-3'
miR-145 5'-GUCCAGUUUUCCCAGGAAUCCCU-3'
 5'-AGGGAUUCCUGGGAAAACUGGAC-3'
miR-126 5'-CAUUAUUACUUUUGGUACGCG-3'
 5'-CGCGUACCAAAAGUAAUAAUG-3'
miR-21 5'-UAGCUUAUCAGACUGAUGUUGA-3'
 5'-UCAACAUCAGUCUGAUAAGCUA-3'

Table I. The clinical characteristics of the patients.

Clinicopathology and characteristic Total

Total, n 10
Age (mean ± SD) 58±8.5
Age, n (%)
  <65   2
  ≥65   8
Sex
  Male   4
  Female   6
Tumor location
  Right colon   7
  Left colon   3
T category
  pT1   1
  pT2   2
  pT3   4
  pT4   3
N category
  0   3
  1   4
  2   3
Distant metastasis
  Absent   6
  Present   4
Differentiation
  Well/moderate   6
  Poor   4
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the RNA expression profiles of 6 colorectal cancer tissues 
and 4 normal tissues. The microarrays revealed that CST1 
expression was significantly increased in the cancer samples 
compared with the normal tissues (Fig. 1). This indicated that 
CST1 may be involved in the development and/or progression 
of colon cancer.

Expression of miRNAs in human colorectal cancer. We 
analyzed the expression of miR15b, miR-145, miR-126, 
miR-21 and let-7d in 5 cancer tissues and 5 normal tissues 
by RT-qPCR. The results revealed that let-7d expression 
was significantly decreased by approximately 20-fold in 
the cancer tissues (Fig. 2A). We then used different miRNA 
mimics to increase the expression of 5 miRNAs in the 
HCT116 cells and examine the effects on miRNA expression. 
The results revealed that CST1 expression was markedly 
decreased when using let-7d-mimic (Fig. 2B). Thus, our 
findings indicate that let-7d expression was decreased in the 
colon cancer tissues and hypothesized that it was related to 
CST1.

Upregulation of CST1 in human colon cancer. To confirm 
that CST1 was upregulated in the colon cancer tissues, we 
verified its mRNA expression in the colon cancer tissues 
and normal tissues by RT-qPCR. CST1 mRNA expression 
was found to be markedly increased by ~5-fold in the cancer 
compared with the normal tissues, consistent with the results 
of the microarray analysis (Fig. 3A). Moreover, western blot 
analysis revealed that CST1 protein expression was also 
highly upregulated in the cancer tissues, but downregulated 
in the normal tissues (Fig. 3B and C). Furthermore, by using 
immunohistochemistry, CST1 protein expression was found 
to be increased conspicuously in the tumor tissues, but not 

Figure 1. Microarray results of human colon cancer tissues and non-cancerous tissues. CST1 expression was conspicuously increased in cancer tissues 
compared with normal colon tissues in the microarray. CST1 is indicated in a red square. ‘N’ indicates normal tissue and ‘T’ indicates tumor tissue.

Figure 2. Expression of miRNAs in human colon cancer. Whole RNA 
was extracted from 5 patients with colon cancer and 5 with non-colon 
cancer and PCR analysis was performed. Each cDNA generated from 
non-tumorous (N) and tumorous (T) tissues was used to amplify miRNAs. 
(A) The expression level of 5 miRNAs was measured as the relative ratio 
of miRNA to U6 in each sample (*P<0.05 vs. normal tissues). (B) The 
human colon cancer cell line, HCT116, was used and was transfected 
with let-7d-mimics or the negative control (NC). The expression level of 
CST1 was expressed as the relative ratio of CST1 to β-actin in each sample 
(*P<0.05 vs. normal tissues).
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Figure 3. Upregulation of CST1 in human colon cancer. cDNA generated from 5 non-tumorous (N) and 5 tumorous (T) tissues was used to amplify CST1. 
(A) The expression level of CST1 was measured as the relative ratio of CST1 to β-actin in each sample (*P<0.05 vs. normal tissues). (B) A total of 3 tumorous 
and 3 non-tumorous tissues were evaluated by western blot analysis to investigate CST1 expression. (C) The grey value of CST1 protein was assessed (*P<0.05 
vs. normal tissues). (D) Patient samples were dyed with CST1 primary antibody. CST1 expression was conspicuously increased in tumorous tissues. The red 
arrows indicate CST1-positive signals. 

Figure 4. Overexpression of let-7d suppresses colon cancer cell proliferation. Human colorectal cancer cell lines (HCT116, SW480 and HT-29) were used and 
transfected with let-7d-mimics or the negative control (NC). Total RNA was extracted and RT-qPCR analysis was performed. (A) Transfection with let-7d-mimics 
markedly enhanced let-7d expression in the colorectal cancer cell lines, as shown by RT-qPCR. The expression level of let-7d was measured as the relative ratio of 
let-7d to U6 in each sample (*P<0.05 vs. control vector group). (B) Amplification of PCNA, cyclin E and cyclin D1 in HCT116 cells transfected with let-7d-mimics or 
the negative control (NC). Each proliferation-associated proteins was expressed as the relative ratio to β-actin (*P<0.05 vs. control vector group). (C) Representative 
images of colony formation of HCT116 cells transfected with NC or let-7d-mimics (*P<0.05 vs. control vector group). (D) Expression of the proliferation-associated 
protein, PCNA, examined by western blot analysis, indicating that CST1 may regulate colorectal cancer cell proliferation (*P<0.05 vs. control vector group).
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in the normal tissues (Fig. 3D). These data thus suggest that 
CST1 plays a role in the initiation and development of color 
cancer.

Overexpression of let-7d suppresses colorectal cancer cell 
proliferation. We screened the most efficient and effective 
let-7d mimics for upregulating let-7d expression for use in 
the subsequent experiments (Fig. 4A). The mRNA expres-
sion levels of cancer proliferation-associated proteins, such 
as PCNA, cyclin D1 and cyclin E, were markedly dimin-
ished in the HCT116 cells transfected with let-7d-mimics 
(Fig. 4B). Colony formation assays were executed using the 
HCT116 cells transfected with let-7d-mimics or the empty 
vector and found that compared with the controls, the mean 
colony number was significantly decreased in the group 
transfected with let-7d-mimics (Fig. 4C). Combined with 
the decrease in the expression of the proliferation-associated 
protein, PCNA, in the group transfected with let-7d-mimics 

(Fig. 4D), it was suggested that let-7d regulates colorectal 
cancer cell proliferation.

CST1 contributes to human colorectal cancer cell prolifera-
tion. We screened the most efficient and effective CST1-siRNA 
from 3 siRNAs for inhibiting CST1 expression for use in the 
subsequent experiments (Fig. 5A). The mRNA expression 
levels of the cancer proliferation-associated proteins, PCNA, 
cyclin D1 and cyclin E, were markedly decreased in the 
HCT116 cells transfected with CST1-siRNA compared with 
the cells transfected with the control vector (Fig. 5B). The 
results of colony formation assay revealed that compared 
with the control, the mean colony number was significantly 
decreased in the HCT116 cells transfected with CST1-siRNA 
(Fig. 5C). We then evaluated the expression of proliferation-
associated proteins and found that the expression of PCNA 
and cyclin D1 was markedly decreased in the HCT116 cells 
transfected with CST1-siRNA (Fig. 5D). Thus, these findings 

Figure 5. CST1 contributes to human colon cancer cell proliferation. HCT116 cells were transfected with CST1-siRNA or the negative control (NC). 
(A) CST1-siRNA notably decreased CST1 expression in the colon cancer cell line, as shown by RT-qPCR and western blot analysis. The expression level 
of CST1 was measured as the relative ratio of CST1 to β-actin in each sample (*P<0.05 vs. control vector group). (B) Amplification of PCNA, cyclin E and 
cyclin D1 in HCT116 cells transfected with CST1-siRNA or the negative control (NC). The expression level of each was expressed as the relative ratio to 
β-actin (*P<0.05 vs. control vector group). (C) Representative images of colony formation of HCT116 cells transfected with CST1-siRNA or NC (*P<0.05 vs. 
control vector group). (D) Expression of the proliferation-associated proteins, PCNA and cyclin D1, examined by western blot analysis, revealing that CST1 
may participate in colorectal cancer cell proliferation (*P<0.05 vs. control vector group).
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suggest that CST1 promotes colorectal cancer cell prolifera-
tion by increasing PCNA and cyclin D1 expression.

Let-7d inhibits colorectal cancer cell proliferation through 
CST1/p65. We used let-7d-mimics to increase let-7d expres-
sion in the HCT116 cells and we found that in this process, 
CST1 expression was markedly decreased (Fig. 6A). We also 

used CST1-siRNA to silence CST1 expression in the HCT116 
cells; however, the silencing of CST1 had no marked effect on 
let-7d expression (data not shown); this indicated that let-7d 
may regulate CST1 expression in colorectal cancer. NNF-κB 
p65 phosphorylation was then analyzed, and it was found to 
decrease following transfection with let-7d-mimics (Fig.6B), 
indicating that let-7d may be connected with the NNF-κB 

Figure 6. Let-7d inhibits colorectal cancer cell proliferation through CST1/p65. HCT116 cells were transfected with CST1-siRNA, let-7d-mimics or the nega-
tive control (NC). (A) CST1 expression significantly decreased in the HCT116 cells transfected with let-7d-mimics, as shown by RT-qPCR and western blot 
analysis. The expression level of CST1 was calculated as the relative ratio of CST1 to β-actin in each sample (*P<0.05 vs. control vector group). (B) NNF-κB 
p65 phosphorylation was examined by western blot analysis following transfection with let-7d-mimics (*P<0.05 vs. control vector group). (C) NNF-κB p65 
phosphorylation was examined by western blot analysis following transfection with CST1-siRNA (*P<0.05 vs. control vector group). (D) The downregulation 
of CST1, PCNA and p-p65 which was induced by transfection with CST1-siRNA was abrogated by the use of anti-let-7d in the HCT116 cells. (E) Expression 
of let-7d and CST1 following treatment of the cells with Bay117082 (an NF-κB p65 inhibitor). (F) Tissues from patients with colon cancer were stained with 
p-p65 antibody. NNF-κB expression was increased in the tumorous tissues.
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p65 pathway. Subsequently, following the silencing of CST1, 
NNF-κB p65 phosphorylation was analyzed, and it was found 
to markedly decrease (Fig. 6C). Moreover, following the 
use of let-7d inhibitor (anti-let-7d) in the HCT116 cells, the 
downregulation of CST1, PCNA and p-p65 observed with 
the CST1-siRNA was abrogated (Fig. 6D). In addition, we 
used Bay117082 (a NNF-κB p65 inhibitor) in the HCT116 
cells; it was not found to have any marked effect on let-7d 
and CST1 expression (Fig. 6E). The results of immunohisto-
chemistry confirmed that p-p65 expression was upregulated 
in the human colon cancer tissues (Fig. 6F), compared with 
the normal tissues. Thus, the above-mentioned data demon-
strate that the inhibitory effects of let-7d on colorectal cancer 
progression are partly mediated by the targeting of CST1 via 
NNF-κB p65.

Discussion

Colon cancer is one of the most malignant types of cancer; 
however, the molecular mechanisms that underlie the develop-
ment of colon cancer remain unclear. Let-7 miRNAs comprise 
one of the largest and most highly expressed families of 
miRNAs, possessing potent anti-carcinogenic properties in 
a variety of tissues (12). Although a number of studies have 
demonstrated that let-7d plays a pivotal role in the initiation 
and development of several malignant neoplasms, the associa-
tion between let-7d and colon cancer has rarely been reported. 
Madison et al reported that let-7d was negatively associated 
with intestinal cancer and that let-7 suppressed carcinogen-
esis and the stem cell phenotypic regulation of Hmga2 (26). 
The transcription factor, NNF-κB, a master regulator of cell 
survival, inflammation and immunity, has been shown to 
comprise a key link between inflammation and cancer (27). 
The association between let-7d and NNF-κB p65 has not yet 
been reported, at least to the best of our knowledge; our study 
thus focused on the mechanisms of action of let-7d in colon 
carcinogenesis via NNF-κB p65.

Cysteine proteases, including cathepsins and papain are 
proteolytic enzymes that are highly expressed in different 
tissues and have been found to participate in several patho-
physiological procedures, such as tissue reconstitution, 
inflammatory tissue damage, regulation of the immune 
response and the migration of monocytes and cancer 
cells (28-30). The cystatin (CST) superfamily function as 
inhibitors in the proteolytic activity of cysteine proteases by 
constituting tight, but reversible complexes (31,32). Previous 
studies have revealed that cystatins exert a significant effect on 
malignant tumor invasion and metastasis. The type 2 cystatin 
superfamily contains CST1, CST2, CST3, CST4, CST5, 
CSTP1, CSTP2 and CST1 (CST SN).

Moreover, CST2 (CST SA) and CST4 (CST S) are known 
as S-type cystatins. CST1 encoding CST SN is a member of 
type 2 cystatins, which are highly expressed in the uterus, 
submandibular gland and gallbladder, but not in the colon, 
according to previous findings (33). Our previous study indi-
cated that CST1 expression was highly elevated in pancreatic 
cancer, contributing to pancreatic cancer cell proliferation, 
and was a potential biomarker for the early detection of 
pancreatic cancer (6). Previous studies have found that 
CST1 plays a critical role in gastric cancer, colorectal 

cancer and esophageal squamous cell carcinoma (6-9). An 
elevated CST1 expression in colorectal cancer was found 
to contribute to colorectal carcinogenesis by counteracting 
the inhibitory effects of CST3 on the proteolytic activity of 
cathepsin B (9,34). The association between let-7d and the 
CST1/p65 pathway has not yet been reported, at least to the 
best of our knowledge. Thus, our study focused on the mutual 
regulation of let-7d and CST1 in colon cancer, with an aim 
to explore a novel mechanism of tumor cell proliferation in 
colon carcinogenesis.

In the current study, our microarrays comparing gene 
expression in colon cancer and control tissues indicated that 
CST1 was one of the most highly and conspicuously expressed 
of the 22,000 genes on the array (Fig. 1) and we then verified 
CST1 mRNA and protein expression in colon cancer tissues 
compared with non-cancer control tissues and the results were 
consistent with those of the microarray. CST1 was upregu-
lated at both the mRNA and protein level (Fig. 3). We found 
that let-7d expression was downregulated in the colon cancer 
tissues compared with the non-cancer controls (Fig. 2A) and 
it was the only miRNA that had an effect on CST1 expression 
when using miRNA-mimics among the 5 miRNAs (miR15b, 
miR-145, miR-126, miR-21 and let-7d) (Fig. 2B). We further 
used let-7d-mimic to increase its expression in the colorectal 
cancer cell lines, HCT116, SW480 and HT-29 (Fig. 4A). In 
addition, let-7d-mimic was used to increase let-7d expres-
sion in the HCT-116 cells (Fig. 4C), and we found that let-7d 
overexpression suppressed the expression of proliferation-
associated proteins, such as PCNA, cyclin D1 and cyclin E 
(Fig. 4B) suggesting that let-7d may be involved in colorectal 
cancer cell proliferation. The suppression of CST1 by 
CST1-siRNA in the HCT116 cells in colony formation assays 
revealed that CST1 participates in colorectal cancer cell 
proliferation (Fig. 5A and C). Consistent with this finding, 
CST1 silencing decreased the expression of malignancy-
associated proteins, such as PCNA, cyclin D1 and cyclin E 
(Fig. 5B and D). On the basis of the results mentioned above, 
we hypothesized that maybe let-7d was associated with CST1 
and played a role in colon carcinogenesis. However, we then 
wished to determine the pathway involved. We further used 
let-7d mimic to increase its expression in the HCT116 cells, 
and found that CST1 expression decreased significantly 
(Fig. 6A). A high expression of let-7d inhibited NNF-κB p65 
phosphorylation (Fig. 6B) and the silencing of CST1 also 
inhibited NNF-κB p65 phosphorylation (Fig. 6C). We then 
silenced CST1, and also used let-7d inhibitor in the HCT116 
cells; the use of let-7d inhibitor abrogated the suppressive 
effects of the silencing of CST1 on CST1, PCNA and p-p65 
expression (Fig. 6D). We also used Bay117082 (an NNF-κB 
p65 inhibitor) in the HCT116 cells, and it found to have 
no marked effect on let-7d and CST1 expression (Fig. 6E). 
Finally, our immunohistochemical analysis confirmed that 
p-p65 expression was upregulated in the human colon cancer 
tissues (Fig. 6F).

In conclusion, this study demonstrates that the upregulation 
of CST1 in colorectal cancer contributes to cell proliferation. 
Let-7d inhibits colorectal carcinogenesis through the CST1/
p65 pathway, and may thus be prove to be a potential target 
for clinical therapy. The results of this study were obtained 
from in vitro experiments. In the future, we aim to examine the 
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effects of let-7d on colorectal cancer proliferation and growth 
in vivo in order to confirm the findings of this study.
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