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Abstract 

Abstract: Recent studies have increasingly linked microRNAs to colorectal cancer (CRC). 
MiR-194 has been reported deregulated in different tumor types, whereas the function of miR-194 
in CRC largely remains unexplored. Here we investigated the biological effects, mechanisms and 
clinical significance of miR-194. Functional assay revealed that overexpression of miR-194 inhibited 
CRC cell viability and invasion in vitro and suppressed CRC xenograft tumor growth in vivo. 
Conversely, block of miR-194 in APCMin/+ mice promoted tumor growth. Furthermore, miR-194 
reduced the expression of AKT2 both in vitro and in vivo. Clinically, the expression of miR-194 
gradually decreased from 20 normal colorectal mucosa (N-N) cases through 40 colorectal ade-
nomas (CRA) cases and then to 40 CRC cases, and was negatively correlated with AKT2 and 
pAKT2 expression. Furthermore, expression of miR-194 in stool samples was gradually decreased 
from 20 healthy cases, 20 CRA cases, then to 28 CRC cases. Low expression of miR-194 in CRC 
tissues was associated with large tumor size (P=0.006), lymph node metastasis (P=0.012) and 
shorter survival (HR =2.349, 95% CI = 1.242 to 4.442; P=0.009). In conclusion, our data indicated 
that miR-194 acted as a tumor suppressor in the colorectal carcinogenesis via targeting 
PDK1/AKT2/XIAP pathway, and could be a significant diagnostic and prognostic biomarker for 
CRC. 
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Introduction 
Colorectal cancer (CRC) is the most prevalent 

cancer and the fourth leading cause of cancer death 
worldwide[1]. Although fecal occult blood test and 
endoscopy have contributed to a great reduction in 
CRC mortality[2], 70 % of newly discovered CRC pa-
tients are still detected at an advanced stage, resulting 
in poor prognosis[3]. The ability to distinguish be-
tween indolent and aggressive tumors during surgery 

or biopsy may facilitate more accurate and dis-
ease-specific operations. Identification of biomarkers 
which are sensitive and specific for CRC opens up 
many avenues for diagnosis and therapeutic exploita-
tion. Therefore, new biomarkers which can discover 
the tendency of poor prognosis earlier and simpler are 
urgently needed[4].  

Mature microRNAs (miRNA) are a group of 
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small non-coding RNAs with 20-23 nucleotides. They 
regulate target genes at post-transcription level via 
binding with microRNA response element (MRE) in 3’ 
untranslated regions (3’-UTRs) of target mRNAs [5-6]. 
Increasing studies demonstrated that miRNAs play 
critical roles in cancer pathogenesis[7], through regu-
lation of different cellular processes such as prolifera-
tion, differentiation, and apoptosis and so on. The 
pattern of miRNA expression is also a promising bi-
omarker associated with tumor subtypes and clinical 
outcomes [8-12]. Therefore, identification of 
CRC-associated miRNA as biomarkers for early tu-
mor detection, prognostication and treatment is of 
great importance. 

The expression pattern and function of miR-194 
in various cancers has been widely studied recently. 
Decreased miR-194 has been reported in liver[13], 
lung[14], gastric cancer[15] and Multiple 
Myeloma[16], suggesting its tumor-suppressive func-
tion. Chiang et al also confirmed miR-194 as a tu-
mor-suppressor gene in CRC patients[17], while an-
other study revealed a pro-angiogenesis function of 
miR-194 in HCT116 cells [18]. To date, the function of 
miR-194 in CRC still remains largely unknown and 
controversial.  

Our study was designed to identify the potential 
biological role of miR-194 in CRC and its potential 
target genes. We found that miR194 contributes to 
CRC cell proliferation via suppressing the expression 
of PDK1/AKT2/XIAP pathway, and low expression 
of miR-194 in both tissues and stool samples not only 
strongly associated with occurrence of CRA or CRC 
but also related to the poor survival of CRC patients. 
MiR-194 could be used as a promising biomarker for 
CRC diagnosis and treatment.  

Methods and Materials  
Clinical specimen collection 

Fresh samples of 20 normal colorectal mucosa 
(N-N), 40 CRC tissues, 40 colorectal adenomas were 
obtained from colorectal patients who underwent 
surgery at Shanghai Ren Ji Hospital. The study pro-
tocol was approved by the ethics committee of Ren Ji 
Hospital, School of Medicine, Shanghai Jiao Tong 
University. Written informed consents were obtained 
from all participants in this study. All the research 
was carried out in accordance with the provisions of 
the Helsinki Declaration of 1975. None of these pa-
tients had received radiotherapy or chemotherapy. 
Stool samples were also collected from the former 
patients (20 normal individuals, 20 patients with 
CRA, 28 patients with CRC). Moreover, 90 CRC sam-
ples with clinicopathological information and their 
corresponding adjacent normal mucosa (N-C) were 

obtained from Ren Ji Hospital from Feb 1999 to May 
2005.  

Cell culture 
Two human colon cancer cell lines, SW480, 

SW1116 (ATCC, Manassas, VA) were maintained in 
RPMI 1640 medium (Gibco, Carlsbad, CA) and HT29, 
HCT116 were maintained in McCoy’s 5A medi-
um(Gibco, Carlsbad, CA), respectively, supplemented 
with 10% fetal bovine serum. Caco2 was maintained 
in DMEM medium (Gibco, Carlsbad, CA) and sup-
plemented with 20% fetal bovine serum. Cells were 
then plated in fibronectin- and collagen type I- coated 
T-25 flasks. All the cells were incubated at 37°C in 
humidified 5% CO2 atmosphere. The miR-194 mimics 
(5’-UGUAACAGCAACUCCAUGUGGA-3’, 5’-CACA
UGGAGUUGCUGUUACAUU-3’) and the control 
miRNA (5’-UUCUCCGAACGUGUCACGUTT-3’, 
5’-ACGUGACACGUUCGGAGAATT-3’) were pur-
chased from Dharmacon RNA Technology (Lafayette, 
CO, USA). Twenty-four hours before transfection at 
30–40% confluence, cells were transferred to 6-well 
plates. Transfection of miRNA was carried out with 
LipofectamineTM 2000 (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s instructions. 
Cells were collected for analysis 48 h or 72h after 
transfection.  

Cell viability assays 
Cell viability was assessed using atetrazolium 

salt (WST-8)-based colorlmetric assay provided by the 
Cell Counting Kit 8 (cck-8, Dojindo, Japan). Briefly, 
HCT116 and SW1116 cells transfected with control 
miRNA or miR-194 mimics were seeded into 96-well 
plates (3.5×103 cells/well) with 100μl culture medium. 
At specific time points, 10μl of CCK-8 solution was 
added to wells and the plated were incubated for 2hr 
in 37°C. Cell viability was determined from absorb-
ance reading at 450nm. Data was expressed as relative 
viability (%) calculated as follows: 
[A450(treated)-A450(blank)]. 

Flow cytometry assays 
After 48hr transfected with miRNA, HCT116 and 

SW1116 cells were collected and stained using the 
FITC annexinV Apoptosis Detection Kit I (BD Phar-
migen, San Diegs, CA, USA) and performed in ac-
cordance with the manufacture’s protocol. Cell cycle 
analysis was performed after staining with propidium 
iodide. Both apoptosis and cell cycle distribution were 
quantified using a flow cytometry. 

In vitro invasion and migration assays 
Cell invasion assays were performed as follow. 

8μm-pored polycarbonate membranes were coated 
with Matrigel on the upper side (Becton-Dickinson, 
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San Diego, CA, USA). HCT116 (1×105) and SW1116 
cells (2×105) in serum-free medium were seeded into 
the upper chamber and medium supplemented with 
30% fetal bovine serum was applied to the lower 
chamber. After 48h, cells remaining on the upper 
chamber of the filter were removed with a cotton 
swab. Cells that had migrated to the bottom surface of 
the filter were fixed, stained and counted. For in vitro 
migration assays, the chamber membranes were not 
coated with Matrigel on the upper side and counted 
after 24h. 

RNA extraction and quantitative real-time 
PCR  

Total RNA was extracted by Trizol reagent 
(Invitrogen), and 2 μg of total RNA from cultured 
cells was reverse-transcribed using the All-in-One 
MiRNA Q-PCR Detection Kit (GeneCopoeia, Rock-
ville, USA) according to manufacturer’s instructions 
in a total reaction volume of 25 uL. Quantitative re-
al-time PCR was performed on an Applied Biosystem 
7900 quantitative PCR system (Applied Biosystems, 
Foster City, CA). Quantitative real-time PCR for ma-
ture miR-194 and U6 was performed according to the 
manufacturer’s instructions and specific primers de-
signed by GeneCopoeia, China. The amplified tran-
script level of each specific gene was normalized to 
that of 18S. The primers used were: IGF1-F 
(5’-TACAACTACGCCCTGGTCATC-3’), IGF1-R (5’-C
TTCTCACACATCGGCTTCTC-3’); FZD4-F (5’-GGTG
GCTCCCCTCTTTACTTAT-3’), FZD4-R (5’-TCTGTC
TTTGTCCCATCCTTTT-3’); DNMT3A-F (5’-GTGATG
ATTGATGCCAAAGAAG-3’), DNMT3A-R (5’-ATGA
AGACAGGAAAATGCTGGT-3’); AKT2-F (5’-ACCC
AACACCTTTGTCATACG-3’), AKT2-R (5’-ACTTCC
ATCTCCTCAGTCGTG-3’); PDK1-F(5’-CACCAGGA
CAGCCAATACAA-3’), PDK1-R(5’-CTCATTACCCA
GCGTGACAT-3’); XIAP-F(5’-CGGTGCTTTAGTTGT
CATGC-3’), XIAP-R(5’-AGCCGTTGATAAATCTGC
AA-3’); 18S-F(5’-CGGACAGGATTGACAGATTGAT
AGC-3’) and 18S-R (5’-TGCCAGAGTCTCGTTCGTT
ATCG-3’).  

Luciferase assay  
Designated combinations of pmir-

GLO-AKT2-3’UTR or pmirGLO-AKT2-3’UTR mutant 
with other siRNA and 100 ng phRL (Renilla lucifer-
ase) TK plasmid (Promega) for monitoring transfec-
tion efficiency were transiently transfected in tripli-
cate with Lipofectamine 2000 (Invitrogen, USA) ac-
cording to the manufacturer’s directions. Twenty-four 
hours later, luciferase activity was detected using the 
Dual-Luciferase Reporter Assay System (Promega). 
Luciferase activity was measured using a BD Mono-
light 3010 luminometer (BD Biosciences, San Jose, 

CA). 

Western Blot 
Western blot analysis was performed using 

standard techniques as described previously [19]. 
Briefly, 100 μg of protein was electropharesed 
through 10% SDS polyacrylamide gels and were then 
transferred to a PVDF membrane (Millipone). The 
membrane was incubated into AKT2 antibody 
(1:1000, #2964, CST), pAKT2 antibody (1:1000, #8599, 
CST), cleaved caspase3 (1:1000, #9664, CST), β-actin 
(1:1000, #8456, CST), PDK1 (1:1000, #3062,CST), 
XIAP(1:1000, #2042, CST) at 4℃ overnight. Secondary 
antibodies were labeled with HRP (1:5000, KangChen, 
China) and the signals were detected using ECL Kit 
(Pierce Biotech, Rockford, IL, USA). Subsequently, the 
images were analyzed by ImageJ 1.43 software. The 
protein expression was normalized to an endogenous 
reference (β-actin) and relative to the control. 

TUNEL assay 
The in situ cell death kit (Roche Molecular Bio-

chemicals, Mannheim, Germany) based on TUNEL 
technology was performed to detect individual 
apoptotic cells in formalin fixed tissue sections. 
Dewax and rehybrate tissue section according to 
standard protocols. Endogenous peroxidase activity 
was blocked by incubated in 0.3% hydrogen peroxide 
for 10 min. Slides were made permeable with 
pereabilisation on solution. After washing, slides 
were incubated with TUNEL reaction mixture for 60 
min at 37℃ in a humified atmosphere in the dark. The 
negative control was incubated with label solution 
(without forminal transferase) instead of TUNEL re-
action mixture. After washing, samples can be ana-
lyzed in a drop of PBS under a fluorescence micro-
scope. Use an excitation wave length in the range of 
450-500nm and detection in the range of 515-565nm. 

Adenovirus generation  
The Ad-control miRNA adenovirus (Ad-control 

miRNA), miR-194 overexpression adenovirus 
(Ad-miR194), miR-194 inhibitor overexpression ade-
novirus (Ad-miR194 inhibitor), lenti-control virus and 
lenti-miR-194 virus were constructed by Shanghai 
SBO medical biotechnology company, Shanghai, 
China.  

Animal experiments  
24 male nude mice (5-weeks-old) were pur-

chased from the Chinese Academy of Sciences 
(Shanghai, China). Fifteen male APCMin/+ mice were 
purchased from Model Animal Research Center of 
Nanjing University and fed with a high-fat and 
high-glucose diet. To establish CRC xenografts, 
HCT116 (1×107) were subcutaneously injected into the 



 Theranostics 2014, Vol. 4, Issue 12 

 
http://www.thno.org 

1196 

axillary region of nude mice. One week after injection, 
the mice were randomly separated into three groups 
(eight mice in each group): The Ad-miR-194 group, 
Ad-control miRNA group and PBS group. 
Ad-miR-194 was an adenovirus overexpressing ma-
ture miR-194, Ad-control miRNA was an adenovirus 
expressing control miRNA, and PBS as the negative 
control. Ad-miR-194, Ad-control miRNA and PBS 
were directly injected into the subcutaneous tumors of 
each group once every other day. Tumor volumes 
were measured before each injection in two dimen-
sions, and calculated according to the formula: v=0.5× 
( length×width2). After 14 days (seven times of injec-
tion), all nude mice were sacrificed and the subcuta-
neous tumors were removed and measured the 
weight. Some of the samples were frozen immediately 
in liquid nitrogen and the remaining samples were 
fixed in formalin solution and embedded in paraffin 
blocks. 

APCMin/+ mice were randomly and equally sep-
arated into 3 groups: Ad-miR-194 inhibitor, 
Ad-control miRNA and PBS. Ad-miR-194 inhibitor 
was an adenovirus dysfunction of mature miR-194, 
and Ad-control miRNA was an adenovirus having no 
effect on miRNAs function, and PBS as the negative 
control. Mice were fed with adenovirus and PBS sep-
arately every three day. After 12 weeks, mice were 
sacrificed, and colons removed, and flushed with 
1×phosphate-buffered saline (PBS). The tumors which 
could be observed by human eyes were counted and 
removed. Parts were frozen immediately in liquid 
nitrogen and remaining parts were fixed in formalin 
solution and embedded in paraffin blocks. The left 
colons were fixed in formalin solution for 24h and 
were stained with 0.1% methylene blue (Sig-
ma-Aldrich, St. Louis, Mo) dissolved in PBS and tu-
mor number was counted at 4×magnification using a 
dissecting microscope. 

To further investigate the effect of miR-194 on 
tumor invasion in vivo, we developed a CRC metasta-
sis model in nude mice. The HCT116 cells (2.5 × 106) 
per mouse in 200μl PBS were subcutaneous injected 
through the right flank of 4-week-old BALB/C nude 
mice. Mice were inspected daily and tumors meas-
ured with a caliper every 4d. Tumor volume (V) was 
calculated as V=π/6×a×b2, where a is the longer and b 
is the shorter of two orthogonal diameters. About ten 
days later, all the tumors were grown up to a size of 
∼25 mm3. All the animals with tumors were randomly 
divided into three groups. One group was intra-
tumoral injected with PBS, another group was intra-
tumoral injected with lenti-control virus and the last 
group was intratumoral injected with lenti-miR-194 
virus (1×108 Tu/mouse, twice a week) for 10 weeks. 
For lung metastasis examination, mice were sacrificed 

in 10 weeks after injection of PBS, lenti-control virus 
and lenti-miR-194 virus. Lungs were removed and 
fixed in 4% PFA, embedded in paraffin, and sections 
of lungs were produced and H&E stained. The nod-
ules numbers of each sections (=metastasis per ani-
mal) was determined under a binocular microscope 
(Leica, DM 300). All the H&E staining lung tissue sec-
tions were examined and the numbers of mice with or 
without lung metastasis were calculated by 
Chi-square test, Fisher’s exact test. All experimental 
procedures were approved by the Institutional Ani-
mal Care and Use Committee.  

Immunofluorescence 
Pretreated CRC cells were plated in four-well 

chamber slides (Nunc, Denmark) 24h before experi-
ment. The cells were probed with corresponding an-
tibodies for 1h at RT and incubated with Alexa 
546-conjugated donkey anti-mouse IgG, followed by 
Alexa-488-conjugated donkey anti-rabbit IgG (Invi-
trogen). Afterwards the slides were mounted in DAPI 
Fluoromount-G (SouthernBiotech, Birmingham, USA) 
and images were captured using a laser-scanning 
confocal microscope (LSM-710, Zeiss, Germany). 

In situ hybridization(ISH) and Immunohisto-
chemistry (IHC) 

The in situ detection of miR-194 was performed 
on 6μm formalin-fixed, paraffin-embeded (FFPE) sec-
tion. Briefly, the sides were hybrided with 10 pmol 
probe (LNA-modified and DIG-labeled oligonucleo-
tide; Exiqon) complementary to miR-194 and after 
incubation with anti-DIG-AP Fab fragments conju-
gated to alkaline phosphatase, and the hybridized 
probes were detected by applying nitroblue tetrazo-
lium/5-bromo-4-chloro-3-indolyl phosphate color 
substrate (Roche) to the slide. Positive control (U6, 
Exiqon) and no-probe controls (scramble) were in-
cluded for each hybridization procedure.  

Immunohistochemistry (IHC) was performed 
using a standard streptavidin-biotin-peroxidase com-
plex method. Briefly paraffin-embeded section were 
deparaffinized and rehydrated. Endogenous peroxi-
dase activity was blocked by incubated in 0.3% hy-
drogen peroxide for 15 min, then the slides were mi-
crowaved and boiled in 10mm citrate buffer(pH 6.0) 
for antigen retrieval. Nonspecific antigens were 
blocked by incubation in sheep serum for 30min. 
Slides were incubated overnight at 4°C with AKT2 
antibody (1:100, #ab66129, abcam); pAKT2 antibody 
(1:100, #ab 38513, abcam); Ki67 antibody (1:100, #ab 
15580, abcam). Sample incubated with PBS instead of 
primary antibody were used as negative control. 

The slides were examined independently by two 
investigators, who were blinded to the clinical and 
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pathological data. The staining intensity was quanti-
fied using a visual grading system based on the extent 
of staining (graded from 0 to 4: 0, none; 1, 1-25%; 
2,26-50%; 3,51-75%; 4,76-100%) and the intensity of 
staining (grade from 0 to 3: 0, no staining; 1, weak 
staining; 2, moderate staining; 3, strong staining). An 
index value was calculated as a product of the extent 
of staining and intensity of staining scores to evaluate 
the expression of miR-194, U6, AKT2, pAKT2, Ki67. 
Then the expression level of miR-194 was furthermore 
valued by miR-194/U6 and a relative score of ≤0.75 or 
>0.75 were considered as low or high expression of 
miR-194, respectively, dividing the patients into two 
groups of approximately equal size. 

Statistical analysis 
All quantified data represent an average of at 

least triplicate samples or as indicated. Data were 
expressed as mean ± standard deviation (SD). The 
difference in tumor growth rate between the two 
groups of mice was determined by repeated-measures 
analysis of variance. The χ2-test was used for com-
parison of patient characteristics. HRs of death asso-
ciated with low expression of miR-194 and other pre-
dictor variables were estimated from univariate Cox 
proportional hazards model first. Multivariate Cox 
models also were constructed to estimate the HR of 
low expression of miR-194. Overall survival in rela-
tion to the expression of miR-194 was evaluated by 
the Kaplan–Meier survival curve. The sensitivity and 
specificity of miR-194 as a diagnosis biomarker was 
calculated by receiver operating characteristic (ROC) 
analysis. All analyses were performed using SPSS for 
Windows 17.0.1 software (SPSS Inc., Chicago, IL, 
USA). P<0.05 was considered statistically significant. 

Result  
MiR-194 acts as a tumor suppressor gene in 
CRC cells 

 It has been reported that miR-194 is deregulated 
in CRC patients[17]. In this study, we further investi-
gated its expression in different CRC cell lines. As 
Fig.1A showed, the expression level of miR-194 was 
75 to 125 times lower in the low differentiated 
HCT116 and SW1116 cells, compared with the high 
differentiated cells from Caco-2, HT29 and SW480 cell 
lines. Therefore, we chose HCT116 and SW1116 cells 
for further functional assays.  

Firstly, we introduced miR-194 mimics into 
HCT116 cells (Additional File 1:   
Supplementary Fig.1A), Transfection of the mimics 
successfully up-regulated miR-194 in the cells, com-
pared with control miRNA trasfected cells and control 
CRC cells.  

CCK8 cell variability assay was completed in 
HCT116 and SW1116 cells with miR-194 or control 
miRNA transfection. Upregulation of miR-194 signif-
icantly reduced cellular viability in both cells (Fig. 1B), 
suggesting that miR-194 may play an important role 
in CRC cell growth. To explore the reason for the de-
crease in cell viability, we examined the effects of 
miR-194 on cell cycle progression, apoptosis, migra-
tion and invasion. As illustrated in Supplementary 
Fig.1B, over-expression of miR-194 induced a slight 
G0/G1 phase arrest in HCT116 cell and an S phase 
arrest in SW1116 cell. Apoptosis assay with Annexin 
V-staining was completed in HCT116 and SW1116 
cells. The miR-194 transfection induced 1.5-folds in-
crease of apoptosis in HCT116 cells but did not affect 
cell apoptosis in SW1116 cells, indicating that there 
may be cell specific mechanisms responsible for 
miR-194 induced functional changes. The effect of 
miR-194 on cell apoptosis was further confirmed by 
western blot, miR-194 overexpression significantly 
increased expression of cleaved caspase-3 in HCT116 
cells (Supplementary Fig. 1C). Moreover, miR-194 
overexpression dramatically decreased the migration 
and invasion ability of HCT116 and SW1116 cells (Fig. 
1C), indicating that miR-194 expression also plays a 
critical role in CRC cell motility and metastasis. These 
data suggested that miR-194 has an in vitro tumor 
suppressive feature in CRC. 

MiR-194 blocks AKT2 pathway activation 
through directly targeting PDK1/AKT2/XIAP 
3’UTR  

We have found that miR-194 could inhibit CRC 
cell proliferation, apoptosis, migration and invasion, 
as a tumor suppressor gene. So, the putative target 
genes of miR-194 should be related to these functions 
of cells. Focusing on these genes, we predicted the 
putative targets using the target prediction programs, 
miRanda and TargetScan. Our analyses revealed that 
IGF1R, Fizzled-4, DNMT3A, PDK1, AKT2 and XIAP 
were the potential targets of miR-194. The 3’-UTR of 
IGF1R, Fizzled-4, DNMT3A, PDK1, AKT2 and XIAP 
mRNA contains a complementary site for the seed 
region of miR-194 (Fig. 1E, Additional File 1:  
Supplementary Fig.2A). We first performed real-time 
PCR assay with miR-194 transfected HCT116 and 
SW1116 cells to verify whether these six genes were 
regulated by miR-194. The results showed that trans-
fection of miR-194 mimics significantly decreased the 
mRNA level of PDK1/AKT2/XIAP in HCT116 and 
SW1116 cells (Fig. 1D), while there is no significant 
change in the expressions of any other molecules 
(Supplementary Fig.2A).  
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Figure 1. Expression, functions and the targets of miR-194 in CRC cells. (A) Real-time PCR quantification of miR-194 in seven human CRC cell lines. (B) CCK-8 assay was 
performed in HCT116 and SW1116 cells transfected with miR-194 mimics or control miRNA. Cell viability was measured from absorbance reading at 450nm. Data was expressed as relative 
viability (%) calculated: [A450(treated)-A450(blank)]. (C) In vitro invasion and migration assays were performed using HCT116 and SW1116 cells. Cells were photographed under a light 
microscope and counted from five random microscopic fields (200×) per insert in triplicate. (D) mRNA levels of PDK1, AKT2 and XIAP after miR-194 mimics transfection in HCT116 and 
SW1116 cells. (E) Schematic illustration of the predicted miR-194-binding sites in PDK1, AKT2 and XIAP 3’-UTR. MiR-194 mimics and report constructs, containing a wild-type or a mutated 
PDK1, AKT2 or XIAP 3’-UTR, were co-transfected into HCT116 cells respectively. Relative repression of firefly luciferase expression was standardized to a transfection control. n=3, 
ANOVA. All experiments were repeated at least three separate times, Data are shown as mean ± SD, *P<0.05, **P<0.01(Student’s t-test), compared with the control miRNA. 
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We then carried out luciferase expression anal-
yses to detect whether there is a direct interaction 
between PDK1/AKT2/XIAP and miR-194. The frag-
ment of PDK1/AKT2/XIAP 3’UTR with wild type or 
mutant MREs of miR-194 were cloned into down-
stream of the luciferase open reading frame to gener-
ate the luciferase report vectors. CRC cells were co-
transfected with the reporters and miR-194 mimics. 
The results of luciferase activity assay demonstrated 
that miR-194 significantly decreased the luciferase 
expression. Conversely, the luciferase activity of the 

mutant reporter was not significantly affected in re-
sponse to miR-194 mimics treatment (Fig. 1E). The 
data suggests that miR-194 may negatively regulate 
AKT2 pathway in CRC cells through a direct interac-
tion with the 3’UTR regions of PDK1, AKT2 and 
XIAP. We further confirmed these data in protein 
level. Western blot and summarized data revealed 
that overexpression of miR-194 dramatically de-
creased the expression of PDK1, AKT2, pAKT2 and 
XIAP in CRC cells (Fig. 2A).  

 

 
Figure 2. MiR-194 blocked AKT2 pathway in CRC cells. (A) Western blot analysis and summarized data showed that expression of PDK1, AKT2, pAKT2 and XIAP were deregulated 
in cells transfected with miR-194 mimics compared with transfected with control miRNA. (B) CCK-8 assay performed in HCT116 and SW1116 cells which were co-transfected miR-194 
mimcs or control miRNA with pcDNA-AKT2 or pcDNA-control. Cell viability was measured from absorbance reading at 450nm. Data was expressed as relative viability (%) calculated: [A450 
(treated)-A450 (blank)]. (C) The mRNA levels of β-catenin after miR-194 mimics transfection in HCT116 cells. (D) Immunofluorescence data showed that CDH1 and β-catenin interacts with 
each other and colocalized together on the cell membrane after transfection of miR-194 mimics in CRC cells, compared with control, n = 3. All experiments were repeated at least three 
separate times, Data are shown as mean ± SD. 
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Moreover, upregulation of AKT2 restored the 
miR-194-induced decrease in cell viability in HCT116 
and SW1116 cells (Fig. 2B), suggesting that miR-194 
may exert its function via suppressing AKT2 in CRC 
cells. As AKT2 may activate β-catenin by inhibition of 
GSK-3β [20] and Wnt/β-catenin signal pathway is 
very important in cancer cell progression, including 
CRC[21], we next to detect whether miR-194 inhibits 
CRC cell invasion via blocking Wnt/β-catenin path-
way. The real time PCR data showed that introduc-
tion of miR-194 mimics significantly decreased the 
expression of β-catenin (Fig.2C). However, we can not 
find any seed region of miR-194 in the 3’UTR region 
of β-catenin. The data indicate that miR-194 may in-
hibit the expression of β-catenin via inhibiting of the 
AKT2 pathway. The cell-cell adhesion molecule 
E-cadherin sequesters β-catenin to the cell membrane 
and the Wnt/β-catenin pathway can be activated 
through accumulation of β-catenin in the cytoplasm 
and its translocation to the nucleus[21]. We next 
found that introduction of miR-194 mimics signifi-
cantly increased the connection of 
β-catenin/E-cadherin on the cell membrane of CRC 
cells (Fig.2D). The data indicates that miR-194 may 
inhibit the invasion of CRC cells via blocking the 
Wnt/β-catenin pathway.  

Overexpression of miR-194 suppresses CRC 
xenograft tumor growth and metastasis 

To determine the functional impact of miR-194 
on CRC cell proliferation in vivo, we established a 
tumor model in nude mice bearing HCT116 xeno-
grafts. As shown in Fig. 3A-C, overexpression of 
miR-194 significantly suppressed the growth of xen-
ograft tumors as compared with Ad-control miRNA 
and PBS groups.  

Ki67 staining data showed that the number of 
Ki67+ proliferating cells was much less in tumors 
treated with Ad-miR-194 than that of Ad-control 
miRNA and PBS groups (Fig. 3D). The apoptotic cells 
in tumors detected by TUNEL staining were signifi-
cantly increased in Ad-miR-194-treated mice com-
pared with other groups (Fig. 3E), suggesting that 
miR-194 increased cell apoptosis in vivo.  

We then validated the expression level of 
miR-194, PDK1, AKT2, pAKT2 and XIAP. Real-time 
PCR data showed that the expression of miR-194 was 
dramatically increased in Ad-miR-194 group com-
pared with Ad-control miRNA and PBS groups 
(Supplementary Fig. 2B). Western bolt analysis re-
vealed that the expression levels of AKT2, pAKT2 
were decreased in Ad-miR-194 group compared with 
Ad-miR-control and PBS groups (Fig. 3F). Further-
more, real time PCR data showed that the expression 
levels of PDK1 and XIAP were decreased in 

Ad-miR-194 group compared with Ad-miR-control 
and PBS groups (Fig. 3G). These finding suggested 
that miR-194 inhibited cell growth via inhibition of 
AKT2 pathway in vivo.  

 We next developed a CRC metastasis model in 
BALB/c nude mice. Hematoxylin-eosin staining 
showed that less metastatic CRC cells were observed 
in the lungs of mice at 10 weeks after injection of len-
ti-miR-194 virus, while most of the mice injected with 
lenti-control virus or PBS displayed significant lung 
metastases (Fig. 3H, Additional File 1:  
Supplementary Table 1). These data suggest that 
miR-194 may play a critical role in CRC cell metastasis 
in vivo. 

Downregulation of miR-194 promoted tumor 
formation in APCMin/+ mice  

The ApcMin/+ (multiple intestinal neoplasia) 
mouse model harbors a germline mutation in the Apc 
tumor suppressor gene and exhibits multiple tumors 
in the small intestine and colon [22]. We explored 
whether colonic carcinogenesis could be enforced by 
the loss of miR-194 in tumor formation process of 
APCMin/+ mice. As showing in Fig. 4A, Ad-miR-194 
inhibitor treatment induces 3-fold increase in the 
number of tumors compared with Ad-control miRNA 
and PBS treatments in APCMin/+ mice. The data of 
real-time PCR analysis showed that the expression of 
miR-194 was decreased in Ad-miR-194 inhibitor 
group compared with Ad-control miRNA and PBS 
groups (Fig. 4B). Moreover, the expression levels of 
AKT2, pAKT2 were dramatically increased in 
Ad-miR-194 inhibitor group (Fig. 4C-D). These result 
indicated that downregulation of miR-194 partially 
promoted tumor formation in APCMin/+ mice.  

Expression of miR-194 was decreased in CRA 
and CRC patients, and might be a prognostic 
marker in CRC 

Clinical reports have identified downregulation 
of miR-194 in various tumors. We explored the ex-
pression of miR-194 in human colorectal tissues from 
20 normal colorectal mucosa (N-N) tissues, 40 CRC 
tissues and 40 colorectal adenomas (CRA) by tissues 
ISH. The results showed that miR-194 was expressed 
only in the colonic epithelial cells in N-N, which was 
consistent with the previous study [21]. The consecu-
tive section data and summarized analyses data sug-
gested that expression of miR-194 was gradually de-
creased during progression from N-N to CRC via 
CRA (Fig. 5A), indicating that downregulation of 
miR-194 may be an early event in colorectal carcino-
genesis. Conversely, the expression of AKT2 and 
pAKT2 gradually increased during the CRC progres-
sion (Fig. 5B-C).  
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Figure 3. Overexpression of miR-194 inhibited CRC xenograft growth and metastasis. (A) Mice carrying xenograft tumors treated with Ad-miR-194, Ad control miRNA and PBS 
at the last time point (14 days after first injection) (B) Tumors growth curves of xenograft tumors in different groups. Data represent mean with 95% confidence interval (C) Comparison of 
excised tumor weight in three groups. (D) Ki67 staining showed lower percentage of growing cells in tumors treated with Ad-miR-194 compared with the other two groups, original 
magnification: 200×. (E) TUNEL assay revealed higher percentage of apoptotic cells in tumors treated with Ad-miR-194 compared with the other two groups, original magnification: 100×. (F) 
Representative Western blot detected the expression of AKT2 and pAKT2 in xenograft tumors of three groups. β-actin was used as the loading control. (G) Real time PCR examined the 
expression of DPK1 and XIAP in xenograft tumors of three groups. All values were normalized to 18s expression. Data are shown as mean ± SD, n = 24, ANOVA. (H) Representative 
hematoxylin-eosin staining showed that less metastatic CRC cells were observed in the lungs of nude mice at 10 weeks after injection of lenti-miR-194 virus, while most of the mice injected 
with lenti-control virus or PBS displayed significant lung metastases. 
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Figure 4. Attenuation of miR-194 partially promoted the process of tumor formation in APCMin/+ mice. (A) Ad -miR-194 inhibitor-treated group burdened significantly more 
tumors in colon than Ad-control miRNA-treated group and PBS-treated group, Data are shown as mean ± SD, n = 12, ANOVA. (B) Real time PCR examined the expression of miR-194 in 
tumors of three groups. All values were normalized to U6 expression. (C) Western blot detected the expression of AKT2, pAKT2 in tumors of three groups. β-actin was used as the loading 
control. (D) Immunohistochemical analysis of consecutive tissue sections revealed expression of AKT2, pAKT2 in tumors of three groups.  

 
These data suggest that miR-194 levels are in-

versely correlated with the expressions of AKT2 and 
pAKT2 from N-N to CRC via CRA tissues (Spearmen 
coefficient, r= -0.8188, P<0.0001, n=100). 

We further confirmed these data in correspond-
ing stool samples from 20 normal individuals, 20 pa-
tients with CRA, 28 patients with CRC and found that 
the expression of miR-194 in stool was decreased from 
health individuals to CRC via CRA (Fig. 5D). Pearson 
correlation test demonstrated that miR-194 expression 
between stool samples and paired FFPE specimens 
were strongly positive correlated (Pearson r= 0.6424, 
95% CI: 0.45676-0.7688, P<0.0001; Fig. 5E). To evaluate 
the potential capability of miR-194 as a diagnostic 
biomarker for colorectal cancer, receiver operating 
characteristic (ROC) analyses was conducted in the 
tissues samples (Fig.5F) and stool samples respec-
tively (Fig.5G). ROC analyses of tissues showed that 
miR-194 expression can be a single significant pa-
rameter to discriminate between normal and tumor 
tissues with an area under the ROC curve (AUC) of 
0.889 (sensitivity=77.78%, specificity=71.11%; P < 
0.0001). ROC analyses of 48 stool samples showed an 

AUC of 0.739 (sensitivity=60%, specificity=88.1%; P < 
0.0001). 

We further validated the expression level of 
miR-194 in 90 CRC cases with corresponding adjacent 
normal mucosa (N-C). The expression of miR-194 was 
dramatically decreased in CRC than N-C in ISH 
analysis (P<0.001, Fig.6A). Moreover, we found an 
association between miR-194 expression and several 
clinicopathological features in CRC. Expression of 
miR-194 was inversely correlated with tumor size 
(P<0.001) and lymph node metastasis (P<0.05, Table 
1). In univariate Cox regression analysis, low expres-
sion of miR-194 in CRC was associated with an in-
creased risk of cancer-related death (HR=0.438; 95% 
CI, 0.231-0.828; P=0.009, Table 2). In the multivariate 
model (Table 3), lymph node metastasis but not low 
expression of miR-194 was an independent predictor 
for overall survival in CRC. Furthermore, univariate 
and multivariate analyses were used to analyze 
whether miR-194 or AKT2 was associated with pa-
tients’ survival in human CRC (Fig. 6C). In univariate 
analysis, miR-194 was significantly associated with 
poor survival, while AKT2 showed no significance 
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with patients’ prognosis. In the multivariate model, 
after the adjustment for AKT2, miR-194 expression 
was still associated with patients’ survival, indicating 
that miR-194 is a promising prognostic biomarker. We 
then compared the survival time in patients with 
miR-194 low expressing tumors (n=43) with that of 
patients with miR-194 high expressing tumors (n=47). 
The cumulative survival rate was significantly better 
in patients with miR-194 high expressing tumors than 
in those with low expressing tumors (P<0.01, Fig. 6B), 
indicating that miR-194 expression was significantly 
associated with patient survival in CRC. These data 
confirmed that the expression change of miR-194 oc-
curred at a relative early stage during CRC carcino-
genesis. Moreover, the expression patterns of miR-194 
in tissue samples could be represented by stool sam-
ple when used as a diagnostic biomarker, which 
makes the clinical utility simple and non-invasive. 

 

Table 1. Clinicopathological characteristics of miR-194 expression in 
patients with CRC. 

Characteristics 
 

Total 
 

MiR-194 expression P- value 
High % Low %  

Age 90 67.7± 1.7 70.0± 1.6 0.456 
Gender       
Male 47 22 46.8 25 53.2  
Female 43 25 58.1 28 41.9 0.282 
Location       
Proximal colon 43 23 53.5 20 46.5  
Distal colon 47 24 51.3 23 48.7 0.818 
Tumor size (cm3)       
<30 33 25 69.4 11 30.6  
≥30 57 21 40.7 32 59.3 0.006* 
T stage       
T1+T2 11 5 45.5 6 55.5  
T3+T4 79 42 53.8 37 47.4 0.195 
Lymph node metastasis       
Absent 54 34 63.0 20 37.0  
Present 36 13 36.1 23 63.9 0.012* 
Distant metastasis       
M0 87 47 54.0 40 46.0  
M1a 3 0 0.0 3 100.0 0.3345 
Histological grade       
I, I-II, II, 54 26 48.1 28 51.9  
II-III, III 36 21 58.3 15 41.7 0.343 

 

Discussion 
Previous study suggests that miR-194 is signifi-

cantly deregulated in CRC patients, as well as in three 
CRC cell lines [17]. The other study on the small in-
testine finds that miR-194 is highly induced during 
intestinal epithelial maturation [23]. However, an-
other study reveals that elimination of miR-194 could 
reactivate thrombospondin-1 (TSP-1), impair CRC 
angiogenesis and reduce xenografts growth [18], 
which were contrast to the former two studies. Here, 
we systematically explored the potential biological 
function of miR-194 in CRC. Our in vitro data sug-
gested that overexpression of miR-194 inhibited cell 

proliferation, induced G0/G1 phase or S phase arrest 
in HCT116 and SW1116 cells separately, increased 
apoptosis of HCT116, and deregulated cells invasion 
and migration in both cells. Furthermore, overex-
pression of miR-194 suppressed CRC xenograft 
growth, while loss of miR-194 in APCMin/+ mice colons 
promoted de novo tumor formation. Collectively, all 
above data confirmed the tumor-suppressive role of 
miR-194 in CRC.  

 

Table 2. Univariate Cox regression analysis of potential prognostic 
factors for colorectal cancer patients factors. 

Variable HR (95%CI) P-value 
Age 1.716(0.875-3.366) 0.146 
Gender   
Female 1  
Male 0.933(0.505-1.725) 0.826 
Tumor size (cm3)   
<30 1  
≥30 1.744(0.912-3.332) 0.092 
T Stage   
T1+T2 1  
T3+T4 1.262(0.487-3.168) 0.650 
Lymph node metastasis   
Absent 1  
Present 3.278(1.738-6.181) <0.000* 
Distant metastasis   
Absent 1  
Present 2.604(0.802-8.457) 0.111 
Histological grade   
I, I-II, II 1  
II-III, III 1.080(0.572-2.040) 0.812 
MiR-194 expression   
High expression 1  
Low expression 2.349(1.242-4.442) 0.009* 

Abbreviations: CI, confidence interval; HR, hazard ratio. 

 

Table 3: Multivariate Cox regression analysis of potential prognostic 
factors for colorectal cancer patients factors. 

Variable HR (95%CI) P-value 
Age 1.691(0.850-3.362) 0.134 
Gender   
Female 1  
Male 1.262(0.657-2.421) 0.485 
Tumor size (cm3)   
<30 1  
≥30 1.446(0.722-2.883) 0.298 
T Stage   
T1+T2 1  
T3+T4 1.443(0.346-6.014) 0.614 
Lymph node metastasis   
Absent 1  
Present 2.946(1.487-5.835) 0.002* 
Distant metastasis   
Absent 1  
Present 2.595(0.417-16.147) 0.317 
Histological grade   
I, I-II, II 1  
II-III, III 1.321(0.686-2.563) 0.404 
MiR-194 expression   
High expression 1  
Low expression 1.608(0.808-3.202) 0.176 

Abbreviations: CI, confidence interval; HR, hazard ratio. 
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Figure 5. Expression of miR-194 was decreased in CRC patients’ tissues and stools, and inversely correlated with AKT2, pAKT2 in human colorectal tissues. Expression of miR-194 in 
colorectal epithelial cells using in situ hybridization (ISH) analysis. Consecutive tissue sections were incubated with a full length DIG-labeled LNA probe to miR-194. The positive staining of 
epithelium cells was expressed as blue-violet. The scramble control probe shows no significant staining at low or high magnification from normal colorectal tissues to CRC tissues. Im-
munohistochemical staining showed that the expression of AKT2/pAKT2 is significantly increased from normal colorectal tissues to CRC tissues. Original magnification: 40×, 400×. (B) 
Statistical analysis of miR-194, AKT2, pAKT2 in N-N, CRA, and CRC. Data are shown as mean ± SD, n=100, ANOVA. (C) Correlation between the expression of miR-194 and AKT2 (r = 
−0.8188; P<0.0001). (D) Real time PCR examined the expression of miR-194 in stool samples from patients burdening N-N, CRA and CRC. All values were normalized to U6 expression, n=68, 
ANOVA. (E) Scatter plot of miR-194 expression correlation between stool samples and FFPE samples in 68 pairs samples. n=68. (F) ROC curve analysis showing the ability of miR-194 
expression to discriminate between normal tissues and CRC tissues. (G) ROC curve analysis showing the ability of miR-194 expression to discriminate stools samples from normal individuals 
and CRC patients. 
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Figure 6. (A) Statistical analysis of miR-194 in 90 CRC and their corresponding adjacent normal mucosa (N-C). Data are shown as mean ± SD, n=180. (B) Survival analysis showed that CRC 
patients with low miR-194 expression had poorer survival than the patients with high expression, HR=0.438; 95% CI, 0.231-0.828, P<0.01. (C) Univariable and Multivariable analysis were 
performed in the 90 CRC cases of Renji dataset. 

 
HCT116 cell line, which has highly invasive and 

metastasis ability, was used to construct an orthotopic 
mice model for research of the in vivo invasion of 
human colon cancer cells previously [24]. However, 
it’s very difficult to establish an orthotopic mice 
model for primary colon cancer and it is not easy to 
implant the human CRC tissues into the colon of the 
mice. Furthermore, most of the mice will die very 
early because of the colorectal infection after the sur-
gery of CRC tissues implantation. More studies were 
using HCT116 cells to provide information in regards 
to tumor growth and metastasis in xenograft mouse 
model later [25-27]. The mouse model of HCT116 CRC 
subcutaneous metastasis is easier to establish and has 
been verified by different research groups [25-27], 
including our group. In addition, HCT116 cells in-
jected subcutaneously into mice are more likely to 
metastasize to the lungs and it’s easier to detect the 
lung metastasis by H&E staining. Therefore, we used 
the mouse model of HCT116 CRC subcutaneous me-
tastasis in BALB/c nude mice to detect whether 

miR-194 participates in the CRC cell invasion in vivo. 
 (PI3K)/AKT signaling pathway which plays a 

key role in cell proliferation, survival, migration, and 
invasion in various cancers, including colorectal can-
cer [28]. The previous studies have revealed that 
AKT2 is the predominant isoform involved in CRC 
carcinogenesis [29], AKT2 inhibition suppresses CRC 
cell growths in vitro and in vivo[30], and also plays a 
key role in CRC metastasis [31]. Significantly, our 
study identified that miR-194 and AKT2 were in-
versely correlated: Luciferase assays suggested that 
miR-194 decreased the transcriptional activity of 
PDK1, AKT2 and XIAP; overexpression of miR-194 in 
CRC cells decreased endogenous PDK1, AKT2, 
pAKT2 and XIAP expression levels. As the functional 
assay showed that introduction of miR-194 mimics 
significantly blocked cell proliferation and induced 
apoptosis. Through the literatures we found that 
PDK1 may activate AKT2 phosphorylation [32]and 
the anti-apoptotic protein XIAP can be activated by 
AKT2[33]. Our data indicate that miR-194 may target 
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PDK1/AKT2/XIAP pathway to block cell prolifera-
tion and induce CRC cell apoptosis. Furthermore, 
upregualtion of miR-194 in human CRC xenografts 
led to reduced PDK1, AKT2, pAKT2 and XIAP ex-
pressions and block of miR-194 in APCMin/+ mice in-
testinal tissues increased AKT2, pAKT2 protein levels, 
suggesting that miR-194 was a significant tumor 
suppressor through suppressing AKT2 pathway 
which might be a major downstream effecter of 
miR-194 in its target network. In addition, we found 
that miR-194 may co-downregulate PDK1, AKT2 and 
XIAP genes in AKT pathway to decrease cell prolif-
eration and increase apoptosis of CRC cells. The data 
is consistent with other reports that miR-210 disturbs 
mitosis through targeting multi-genes involved in 
mitotic progression, which may contribute to its in-
hibitory role on tumor growth [34].  

Recent studies have indicated that P53 activation 
induces a significant increase of miR-194 expression in 
growth arrest and apoptosis [16, 18] In addition, other 
researchers have demonstrated that AKT2 can hy-
perphosphorylated murine double minute 2 (Mdm2) 
which promoted P53 degradation and attenuated its 
Ser-15 phosphorylation[35-36]. Furthermore, our data 
demonstrated that miR-194 directly suppressed the 
activation of AKT2. A possible double-negative 
AKT2/P53 feedback loop may exist, in which AKT2 
and P53 were not only having opposing functions, but 
also reciprocally control one another by regulating 
expression of miR-194 to keep balance. Moreover, 
Mdm2 has been validated to be a direct target of 
miR-194 in multiple myeloma [16]. Collectively, such 
a reciprocal loop could attenuate the expression of 
AKT2, Mdm2 and protect the activation of P53 by 
regulating miR-194 expression, which may account 
for the mechanism of miR-194 inhibiting CRC car-
cinogenesis. 

To figure out the mechanism of 
miR-194-mediated blocking of CRC cell migration and 
invasion, we looked through the literatures and found 
that Wnt/β-catenin signal pathway is very important 
in cancer cell progression, including CRC [21]. Gen-
erally, Wnt signaling activation is the stabilization of 
β-catenin in the cytoplasm, resulting in an increased 
translocation of β-catenin to the nucleus. Nuclear 
β-catenin forms a complex with the TCF/LEF tran-
scription factor leading to activating of Wnt target 
gene expression [37]. The Glycogen synthase kinase 
3-β (GSK-3β) may inhibit the translation of β-catenin 
in Wnt/β-catenin pathway by phosphorylation and 
degradation of β-catenin [38], and the GSK-3β is neg-
atively regulated by AKT2 [20]. The real time PCR 
data showed that introduction of miR-194 mimics 
significantly decreased the expression of β-catenin. 
However, we cannot find any seed region of miR-194 

in the 3’UTR region of β-catenin. The data indicates 
that miR-194 may inhibit the expression of β-catenin 
via inhibiting of the AKT pathway. The cell-cell ad-
hesion molecule E-cadherin sequesters β-catenin to 
the cell membrane and the Wnt/β-catenin pathway 
can be activated through accumulation of β-catenin in 
the cytoplasm and its translocation to the nucleus [21]. 
In our study, we found that introduction of the 
miR-194 mimics dramatically decreased the invasion 
ability of CRC cells. Furthermore, we found that in-
troduction of miR-194 mimics significantly increased 
the expression of β-catenin and the connection of 
β-catenin/E-cadherin on the cell membrane of CRC 
cells, which indicating that miR-194 may inhibit the 
invasion of CRC cells via blocking the Wnt/β-catenin 
pathway.  

The expression of miR-194 may be regulated by 
p53 [16] and it has been reported that the transcription 
factors, HNF-1α and Tcf1 may regulate miR-194 ex-
pression in intestinal epithelial cell line [39] and adult 
liver cells [40]. However, it has not been reported 
whether miR-194 can be regulated by epigenetic 
modification. In this study, we first examined whether 
the expression of miR-194 can be regulated by DNA 
methylation and histone modification. The lower ex-
pression of miR-194 could not be rescued by 5’-AZA 
treatment (a specific inhibitor of DNA methylation) in 
CRC cells (data not shown), suggesting that the ex-
pression of miR-194 may not be regulated by DNA 
methylation. However, we found that Trichostatin A 
(TSA, a member of Histone deacetylase inhibitors) 
treatment significantly increased miR-194 expression 
in CRC cells (Additional File 1:  
Supplementary Fig. 3A), indicating that the expres-
sion of miR-194 may be regulated by histone modifi-
cation. As EZH2 may regulate histone H3K27 meth-
ylation and plays an important role in CRC progres-
sion, we detected the expression of miR-194 after 
knockdown of EZH2 in CRC and gastric cancer cells. 
From the Supplementary Fig.3B, we found that 
knockdown of EZH2 significantly increased miR-194 
expression both in CRC and gastric cancer cells, sug-
gesting that EZH2 may play an important role in the 
regulation of miR-194 expression.  

It has been well established that colorectal can-
cers have an altered miRNA expression profile [8, 
41-42], and several studies have already assessed the 
feasibility of miRNA as a biomarker for CRC screen-
ing [43-44]. Here, we examined whether miR-194 
could be a candidate biomarker for CRC. Our clinical 
data showed that expression of miR-194 in tissues and 
stool samples was gradually and significantly de-
creased from N-N to CRC via CRA; indicating that 
downregulation of miR-194 may be an early event in 
colorectal carcinogenesis. Moreover, the association of 
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miR-194 with the CRA, which had a greater risk of 
CRC, further confirmed the potential of miR-194 as a 
promising prognostic biomarker. Furthermore, ex-
pression level of AKT2, pAKT2 in human tissues was 
gradually enhanced from N-N to CRC via CRA, 
which is consistent with the previous report [29] and 
kept an inverse correlation with miR-194. Moreover, 
the ROC curves analysis revealed that miR-194 might 
be a significant parameter to discriminate between 
normal and abnormal tissues and stool samples. Most 
importantly, our data revealed that miR-194 expres-
sion having strongly positive correlation between 
stool and FFPE specimens, and stool/tissue miR-194 
has practical sensitivity and specificity for discrimi-
nating between normal and CRC tissues, so stool 
sample may replace tissue specimens to be a more 
simple and practical diagnostic biomarker for early 
detection of CRC. Moreover, the clinicopathologic 
features analysis and patients survival data suggested 
that miR-194 was significantly correlated with poor 
survival, suggesting that miR-194 maybe a potential 
prognostic biomarker for CRC. Taken together, these 
results indicated that miR-194 had the potential to be 
a significant diagnostic and prognostic biomarker for 
CRC.  

Overall, our findings revealed a potential inhib-
itory role of miR-194 in CRC tumorigenesis via inhi-
bition of AKT2 pathway in vitro and in vivo. Our clin-
ical data confirmed miR-194 downregulation in hu-
man tissues and stool samples from patients with 
adenomas and CRC. Clinicopathologic features data 
demonstrated that low miR-194 expression was asso-
ciated with poor survival and occurrence of CRC. 
Based on all data, it was inspiring to speculate that 
miR-194 could be a significant diagnostic and prog-
nostic biomarker for CRC.  

Supplementary Material 
Additional File 1:  
Supplementary Table 1, Supplementary Figures 1-3. 
http://www.thno.org/v04p1193s1.pdf 
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