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Tumor growth cascade is a complicated and multistep process with numerous obstacles. Until recently, evidences
have shown the involvement of microRNAs (miRNAs) in tumorigenesis and tumor progression of various cancers,
including colorectal cancer (CRC). In this study, we explored the role of miR-194 and its downstream pathway in CRC.
We acquired data through miRNA microarray profiles, showing that the expression of miR-194 was significantly
suppressed in CRC tissues compared with corresponding noncancerous tissues. Decreased miR-194 expression was
obviously associated with tumor size and tumor differentiation, as well as TNM stage. Both Kaplan–Meier and
multivariate survival analysis showed that downregulated miR-194 was associated with overall survival. Moreover,
functional assays indicated that overexpression of miR-194 in CRC cell lines inhibited cell proliferation both in vitro and
in vivo. In addition, using dual-luciferase reporter gene assay, we found MAP4K4 was the direct target of miR-194.
Silencing of MAP4K4 resulted in similar biological behavior changes to that of overexpression of miR-194. We also
observed through Human Gene Expression Array that MDM2 was one of the downstream targets of MAP4K4.
Knockdown of MAP4K4 downregulated MDM2 expression through transcription factor c-Jun binding to the ¡1063 to
-1057 bp of the promoter. These results suggest that miR-194, regulating the MAP4K4/c-Jun/MDM2 signaling pathway,
might act as a tumor suppressor and serve as a novel target for CRC prevention and therapy.

Introduction

Colorectal cancer (CRC) is the third most common form of
cancer and the third leading cause of cancer death in men and
women, with increased morbidity and mortality in recent years.1

High priority must be given to understanding the mechanisms of
occurrence and development of CRC and identifying novel diag-
nostics and effective therapeutics.2,3 CRC develops through pro-
gressive accumulation of mutations in oncogenes and tumor-
suppressor genes.4 Targeting driver pathways represent the best
option to tailor cancer treatment and improve the overall survival
in patients with advanced cancer.5

MicroRNAs (miRNAs) are small non-coding RNAs that bind
to partially complementary recognition sequences in the 30-
untranslated region (3’UTR) of mRNA, causing degradation or
inhibition of translation resulting in gene silencing.6,7 Recently,
numerous miRNAs that were aberrantly expressed in cancers
were identified, and their deregulation was linked to cancer pro-
gression and clinical outcome.8,9 Recent data have shown that
miR-194 plays an important part in tumorigenesis. For example,

miR-194 was found to act as a tumor suppressor in gastric can-
cer,10 endometrial cancer,11 renal cell carcinoma,12 lung can-
cer,13 and breast cancer,14 while upregulated as an oncogene in
pancreatic cancer.15 In CRC, miR-194 has been reported to be
downregulated in colon tissues 16 and can predict adenoma recur-
rence.17 Sundaram18 found that miR-194 could promote
angiogenesis and facilitate tissue repair by targeting thrombo-
spondin-1. However, the functions and mechanisms of miR-194
involved in CRC are not fully elucidated and the therapeutic
application of miR-194 has not been reported.

Since a single miRNA can target hundreds of mRNAs, Tar-
getScan, an online software for prediction of miRNA targets
(http://www.targetscan.org/), was applied to predict the down-
stream target genes of miR-194. The result shows that MAP4K4
is a potential target of miR-194. MAPK kinase kinase kinase iso-
form 4 (MAP4K4) is a relatively novel gene belonging to the
mammalian STE20/MAP4K family. It has been reported as an
oncogene in multiple forms of cancer19 with poor prognosis,
such as prostate cancer,20 lung cancer,21,22 hepatocellular can-
cer,21 and pancreatic cancer.23 However, little is known about
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the functions of MAP4K4 and not yet been fully clarified in
CRC.

For further clarifying the mechanism of miR-194 and
MAP4K4 in tumorigenesis of CRC, we used genome-wide
expression microarray to explore the changed downstream tar-
get. Interestingly, MDM2 was found to be significantly
downregulated after knockdown of MAP4K4. MDM2 onco-
gene promotes tumor formation by targeting tumor suppres-
sor proteins such as p53.24,25 Accumulating evidence
indicated that downregulation of MDM2 through various

approaches resulted in repressing tumor growth and metasta-
sis,26-28 including CRC.29,30

MAP4K4 is also involved in activation of c-Jun N-terminal
kinase (JNK) pathway.31 C-Jun, the substrate of JNK, induced
expression by phosphorylation of JNK.32 C-Jun was usually
reported as a transcription factor to regulate multiple down-
stream genes that function as tumor suppressors33 or oncogenes34

in cancers. Therefore, the prediction software for transcription
factors was applied to find whether c-Jun was one of the tran-
scription factors regulating MDM2 expression.

In this study, we
hypothesize that miR-
194 suppresses tumori-
genesis of CRC through
regulating MAP4K4/c-
Jun/MDM2 signaling
pathway.

Results

Identification
of ectopic miRNAs
expression in CRC tissue
samples

MiRNA microarray
(Agilent) data (Fig. 1)
analyzed between CRC
and CRN tissues showed
that a total of 9 downre-
gulated miRNAs and 26
upregulated miRNAs in
CRC tissue samples were
screened out by a 2.5-
fold change with a signifi-
cant difference (Table 1,
P < 0.05). Of these miR-
NAs, miR-135b showed
the largest degree of upre-
gulation whereas miR-
139 was noted for the
greatest changes of
decreased expression
(>2.5-fold).

MiR-194 showed
greatest inhibition effect
on cell proliferation of
the 9 decreased miRNAs

All significantly down-
regulated miRNAs showed
in microarray profiles
(>2.5-fold) were selected
to transfect SW480 cell
lines. CCK8 assays indi-
cated that miR-194 could

Figure 1. MicroRNA array analysis of miRNA expression in colorectal tissues. Hierarchical clustering of the expression
values for mature miRNAs of CRN versus CRC tissues. Yellow indicates high relative expression, and blue indicates low
relative expression. CRC: colorectal cancer tissues; CRN: matched adjacent noncancerous colorectal tissues.
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significantly inhibit the SW480 cell proliferation compared with the
other 8 miRNAs (Fig. 2A). Hence, miR-194 arose our interest and
was applied for a further study. qRT-PCR data indicated that miR-
194 was significantly downregulated in CRC tissues compared with
noncancerous tissues (Fig. 2B, P < 0.01), which exhibited a good
consistency with the result of the microarray assay. In addition, com-
pared with the NCM460 cells, miR-194 expression in 6 human
CRC cell lines was significantly downregulated (Fig. 2C). Because
SW480 and RKO were the 2 cell lines with the lowest miR-194
expression, these 2 cell lines were applied in the following study.

Decreased miR-194 was associated with poorer prognosis
in patients with CRC

The follow-up study showed that the low miR-194 expression
group displayed a higher incidence of an increased tumor size
(P D 0.025), poor tumor differentiation (P D 0.001) and late
TNM stage (P D 0.027). However, no significant differences
were observed with regard to age, gender, lymph node metastasis,
distant metastasis, or vessel infiltration in CRC (Table 2). Fur-
thermore, CRC patients with low levels of miR-194 expression

had a significantly shorter median survival (26 § 7.1 vs.42 §
11.1 months, P D 0.03) than those with high levels of miR-194
expression (Fig. 2D). Meanwhile, Cox’s multivariate analysis
showed that miR-194 expression, tumor size, and tumor differ-
entiation were significantly associated with overall survival of
CRC patients as independent prognostic factors (Table 3). These
results indicate that decreased miR-194 expression predicts
poorer prognosis in CRC patients.

MiR-194 decreases CRC cell growth, colony formation,
and induces G1 arrest and apoptosis

To explore the role of miR-194 in CRC cells, we transfected
RKO and SW480 cells with miR-194 mimics for functional
analysis. qRT-PCR was used to confirm the increased expression
of miR-194 (Fig. 3A). CCK-8 assay revealed that the overexpres-
sion of miR194 significantly repressed the cell proliferation rate
of these 2 cell lines (Fig. 3B). Furthermore, the colony numbers
of RKO and SW480 cells transfected with miR-194 mimics were
notably lower than those transfected with NC mimics (Fig. 3C).
As shown in Figure 3E, upregulation of miR-194 resulted in an
accumulation of both in RKO (66.83 § 3.26 vs. 75.18 § 3.52
%, P < 0.05) and SW480 (74.88 § 4.82 vs. 85.84 § 2.97 %,
P < 0.05) cells in the G0/G1 phase of the cell cycle. Moreover,
after transfected with miR-194 mimics, the cell apoptosis rates
were significantly increased both in RKO (6.37 § 0.53 vs.
12.74 § 0.88 %, P < 0.01) and SW480 (4.32 § 0.59 vs.
11.13 § 0.84 %, P < 0.01) cells (Fig. 3F). However, upregula-
tion of miR-194 had no significant effect on invasion of RKO
and SW480 cells (Fig. 3D).

Furthermore, we detected expression of the invasion, apopto-
sis, and cell cycle-associated proteins. CyclinD1 and Bcl-2 were
significantly decreased in miR-194 mimic group, while the
expression of Bax was obviously increased. The MMP2 and
MMP9 proteins had no significant changes (Fig. 3G).

To further clarify the functions of miR-194 in CRC, we eval-
uated the SW480 cell growth ability treated with miR-194 inhib-
itor. The results showed that inhibition of miR-194 significantly
promoted the cell proliferation and colony formation (Fig. S1).

MiR-194 suppresses tumor growth of CRC cells in vivo
SW480 cells infected with lentivirus/miR-194 (LV-miR-

194) or lentivirus/miR-NC (LV-miR-NC), with better
infected effect (Fig. S2A—a), were chosen to inoculate into
the nude mice. After 32 days, the tumor volume of mice
inoculated with LV-miR-NC cells was 787.52 § 84.61 mm3,
whereas that injected with LV-miR-194 cells was 84.53 §
26.64 mm3 (Fig. S2B-a, C, P < 0.01). qRT-PCR showed
that miR-194 expression levels were obviously increased in
LV-miR-194-infected tumors compared with control tumors
(Fig. S2E).

Association of MAP4K4 expression level with miR-194
expression in CRC tissue samples

MAP4K4 was a putative target of miR-194 through bioinfor-
matics analysis. To explore the actual association between
MAP4K4 and miR-194, the relative expression of MAP4K4 and

Table 1. MiRNAs expressed differentially in colorectal cancer tissues (CRC)
compared with colorectal normal tissues (CRN)

MiRNA Fold change Expressed in CRC P value

hsa-miR-139–5p 27.730995 down 0.000457488
hsa-miR-133a 14.123913 down 0.008218508
hsa-miR-30a 6.9308515 down 0.017357757
hsa-miR-204 6.1801696 down 0.005467655
hsa-miR-28–3p 4.9092402 down 0.004293053
hsa-miR-375 4.1634755 down 0.026016343
hsa-miR-194 3.0145228 down 0.016694259
hsa-miR-638 2.7310717 down 3.91053E-08
hsa-miR-939 2.523975 down 0.011885638
hsa-miR-135b 233.2903 up 1.45697E-07
hsa-miR-503 34.187862 up 1.58373E-06
hsa-miR-183 20.887215 up 0.000161949
hsa-miR-182 14.202393 up 0.000314092
hsa-miR-31 13.799324 up 0.014758383
hsa-miR-224 12.9758 up 0.000144943
hsa-miR-205 11.577718 up 0.004554494
hsa-miR-181d 10.776051 up 0.000724382
hsa-miR-135a 10.168467 up 0.000661757
hsa-miR-382 9.6167965 up 0.00095844
hsa-miR-339–3p 8.677848 up 0.000207839
hsa-miR-501–3p 8.025005 up 0.013724973
hsa-miR-595 6.4784694 up 0.013636186
hsa-miR-181c 6.1030097 up 0.003669478
hsa-miR-20a 5.8202763 up 0.011896088
hsa-miR-224 5.584402 up 0.000124752
hsa-miR-424 4.872745 up 6.79045E-09
hsa-miR-136 4.1466455 up 0.03151187
hsa-miR-32 3.981137 up 0.03172399
hsa-miR-29b-1 3.972951 up 0.019592708
hsa-miR-34a 3.3766873 up 0.014503202
hsa-miR-21 3.0463343 up 2.75981E-10
hsa-miR-18a 2.6846995 up 0.008156499
hsa-miR-95 2.664752 up 0.014796132
hsa-miR-98 2.6145992 up 0.007363567
hsa-miR-21 2.5509512 up 3.93848E-08
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miR-194 was determined in CRC tissues and cell lines. As shown
in Figure 4A–B, through immunohistochemical staining and
qRT-PCR assay, we observed stronger MAP4K4 expression in
CRC tissues than that in CRN tissues (Table S3). We also found

that the stronger immunoreactivity of MAP4K4 was inversely
correlated with lower miR-194 expression by Pearson analysis
(Fig. 4C), further confirming that MAP4K4 was the target of
miR-194.

Figure 2. MiR-194 expres-
sion in colorectal tissues
and cell lines and its rele-
vance to overall survival. (A)
MiR-194 exhibited greatest
suppression effect on cell
proliferation of 9 downregu-
lated miRNAs. (B) The rela-
tive expression level of miR-
194 in human CRC tissues
(n D 50) and CRN tissues
(n D 50), examined by qRT-
PCR. (C) The relative miR-
194 expression in the 6 CRC
cell lines was significantly
lower than that in normal
colorectal cell line
(NCM460). The average
gene expression from
NCM460 was appointed as
1. (D) Kaplan-Meier curves
for overall survival analysis
by miR-194 expression in
CRC patients. P value was
obtained by a log-rank test.
*P<0.01.

Table 2. Clinicopathologic correlations of miR-194 expression in colorectal cancer

miR-194 expression

Parameters High (n D 23) Low (n D 27) Total (n D 50) P value

Age(y)
�60 6 8 14 0.781
> 60 17 19 36

Gender
Female 9 9 18 0.670
Male 14 18 32

Tumor size(cm)
�2 10 4 14 0.025*
>2 13 23 36

Tumor differentiation
Well/moderate 19 10 29 0.001*
Poor 4 17 21

TNM stage
ICII 14 8 22 0.027*
IIICIV 9 19 28

Lymph node metastasis
Positive 11 10 21 0.441
Negative 12 17 29

Distant metastasis
Positive 4 5 9 0.918
Negative 19 22 41

Vascular infiltration
Positive 10 13 23 0.741
Negative 13 14 27

*Statistically significant (P < 0.05).
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MiR-194 directly targets MAP4K4 gene by interaction with
the 30UTR

To verify that MAP4K4 was one of the direct targets of miR-
194, we cloned dual-luciferase reporters containing the 30UTR
of MAP4K4 with seed sequence recognizing sites of wild type or
mutant one (Fig. 5A). Then miR-194 mimic or mimic NC was
co-transfected with MAP4K4-UTR-WT or MAP4K4-UTR-
MUT plasmid into SW480 cells. The relative luciferase activity
of the reporter contained wild type 3’UTR was significantly
decreased by 65.1% in the presence of miR-194 mimic (P <

0 .01). However, the luciferase activity of mutant reporter was
unaffected by simultaneous transfection of miR-194 mimic (P >

0 .05), suggesting that miR-194 might directly target its pre-
dicted seed region of MAP4K4 (Fig. 5B). The effect of miR-194
on endogenous expression of MAP4K4 was subsequently
observed by qRT-PCR and Western blot analysis. The results
showed that overexpression of miR-194 significantly decreased
the MAP4K4 expressions at mRNA level and protein level (P <

0.01, Fig. 5C–D). Furthermore, transfection of miR-194 inhibi-
tor could upregulate the expression of MAP4K4 (P < 0.05,
Fig. 5E-F). Our results also demonstrated that the expression
level of MAP4K4 was dramatically downregulated in LV-miR-
194 group tumors from nude mice (Fig. S2E).

However, the expression level of miR-194 had little changes
after silencing of MAP4K4 (Fig. 5G). After treated with miR-
194 inhibitor plus siRNA-MAP4K4, we observed no significant
changes of MAP4K4 protein expression (Fig. 5H).

Knockdown of MAP4K4 repressed cell growth in vitro
and in vivo

To investigate the role of MAP4K4 in CRC, we applied
siRNA-mediated MAP4K4 inhibition method to analyze
whether it could replicate the tumor suppressor effect of miR-
194 in CRC cell lines. As shown in Figure S3, the MAP4K4
expression was greatly decreased in RKO and SW480 cells after
transfection of siRNA-MAP4K4 compared with siRNA-NC.
siRNA-mediated MAP4K4 knockdown also significantly inhib-
ited cell proliferation and colony formation. At the same time,
siRNA/MAP4K4 could promote G0/G1 arrest and induce apo-
ptosis enhancement of RKO and SW480 cells. At 32 days, the

average volume and weight of tumors formed from LV-
MAP4K4-RNAi–infected SW480 cells was evidently lower than
that formed from LV-RNAi-NC infected cells (Fig. S2Bb-D).
These results indicate that MAP4K4 targeting might be a mecha-
nism of the tumor suppressor function of miR-194 in CRC cells.

Silencing of MAP4K4 down regulates MDM2 expression
in SW480 cell line

Having identified that MAP4K4 was the direct target of miR-
194 and as a potential oncogene in CRC, we next sought to inves-
tigate its downstream signaling pathways using the Human Gene
Expression Array (Fig. 6A). The most differentially expressed
genes whose expression changed 1.5-fold or more in MAP4K4-
siRNA–transfected SW480 cells compared with NC-transfected
cells are summarized in Table S4. Among these changed genes
excluding MAP4K4, 17 were downregulated and 37 were upregu-
lated. In this study, we focused on the top 5 of the downregulated
genes. To confirm the array data, we performed Western blot anal-
ysis in SW480 cells. We found that MDM2 protein expression
level was significantly decreased while the other 4 proteins
FAM172A, CAMLG, PLOD2 and MPEG1 had little obvious
changes after knockdown of MAP4K4 (Fig. 6B). Therefore, we
selected MDM2 as the candidate and hypothesized that MDM2
was one of the most important genes regulated by MAP4K4.

MDM2 gene transcription was regulated by c-Jun through
promoter occupancy

The mechanism of MAP4K4 regulating the expression of
MDM2 was still unknown. JASPAR, TFSEARCH, and Gene-
Regulation software was applied to predetermine the transcrip-
tion factor of MDM2. Interestingly, all prediction software
directed c-Jun, a downstream gene involved in MAPK signaling
pathway, as one of the potential transcription factors binding to
–1063 to –1057 bp of MDM2 promoter. Through Western
Blot assay, we observed that MDM2 proteins were significantly
downregulated when treated with siRNA-c-Jun (Fig. 6C).

Luciferase reporter results showed concurrent expression of c-
Jun, with the MDM2 reporter construct showing increased
MDM2 promoter activity, which was abrogated by mutation of
the c-Jun DNA-binding site in the MDM2 promoter (Fig. 6D–E).

ChIP assay also verified that c-Jun could actually bind to the
promoter of MDM2 on the –1063 to –1057 bp region
(Fig. 6F–G). As shown in Figure 6H, we further confirmed
that MAP4K4 could affect phosphorylated JNK and c-Jun
expression whereas not having effect on total JNK in SW480
cells harboring MAP4K4-siRNA or NC. Additionally, upregula-
tion of miR-194 presented the similar results to knockdown of
MAP4K4 (Fig. 6I-J). These data suggested that MAP4K4 regu-
lated MDM2 expression through the transcription factor c-Jun.

Discussion

MicroRNAs have emerged as important developmental regula-
tors and control critical processes such as cell fate determination
and cell death.6 Recently, increasing evidences have suggested that
miRNAs are mutated or poorly expressed in human cancers and

Table 3. Multivariate analysis of factors associated with overall survival in
CRC patients

Multivariate analysis

Variable HR (95%CI) P value

Age 0.987 (0.949-1.027) 0.530
Gender 1.452 (0.571-3.687) 0.433
Tumor size 4.416 (1.296-15.042) 0.018*
Tumor differentiation 4.232 (1.235-14.505) 0.022*
TNM stage 0.218 (0.045-1.064) 0.060
Lymph node metastasis 3.454 (0.695-17.177) 0.130
Distant metastasis 1.273 (0.278-5.827) 0.756
miR-194 4.112 (1.380-12.251) 0.011*

HR, hazard ratio; CI, confidence interval;
*Statistically significant (P < 0.05).
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Figure 3. Tumor suppressive effects of miR-194 in RKO and SW480 CRC cell lines. (A) Relative miR-194 expression after transfected with miR-194 mimics
or mimic NC, detected by SYBR qRT-PCR. The average miRNA expression from mimic NC group was appointed as 1. (B) The effect of transient transfection
of miR-194 mimics or mimic NC (50 nM) for 24–120 h was examined on the proliferation of RKO and SW480 cells by CCK8 assay. (C) Colony formation
assay after upregulation of miR-194 expression. (D) Overexpression of miR-194 seemed to be little effect on cell invasion of RKO and SW480 cells. Quanti-
fication was performed by counting the stained cells that invaded to the lower chamber under a light microscopy. The two CRC cells were treated as
mentioned above. Flow cytometry analysis showed miR-194 induced cell cycle arrest (E) and increase of apoptosis (F). Data are presented as mean §
SD of results from 3 independent experiments. (G) Western blot analysis showed the expression levels of invasion related protein MMP2 and MMP9, cell
cycle related protein cyclinD1, and apoptosis associated protein Bax and Bcl-2 after overexpression of miR-194. *P<0.01.
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may act as tumor suppres-
sors or oncogenes.35-37

Aberrant expressions of
miRNAs, including upre-
gulation or downregula-
tion, are closely associated
with tumorigenesis, and the
identification of tumor-
related miRNAs and their
direct target genes as well as
the involved signaling path-
way is critical for under-
standing the biological
significance of miRNAs in
carcinogenesis. The micro-
array analysis of miRNA
expression profiles provides
us a key tool to screen
tumor-associated miRNAs.
In the present study, we
focused onmiR-194, which
is significantly downregu-
lated in CRC tissues and
exhibit the most obviously
inhibited effects on CRC
cell proliferation. MiR-194
is a miRNA that play com-
plicated role in various
types of cancers, but the
current knowledge about
the effects of miR-194 on CRC and corresponding molecular
mechanisms is still preliminary. Our study reveals, for the first time,
that a decreased miR-194 expression is correlated with poor prog-
nosis in patients with CRC and involved in tumorigenesis through
regulation of the MAP4K4/c-Jun/MDM2 signaling pathway.
These results strongly suggest that miR-194 might be a novel prog-
nostic predictor in CRC.

Moreover, our clinical data showed that decreased miR-194
expression was significantly associated with large tumor size,
poor tumor differentiation, and late TNM stage, whereas not
related to lymphatic invasion and distant metastasis, suggesting
that miR-194 might facilitate tumor growth of CRC rather than
affect invasion and metastasis. In addition, multivariate analysis
indicated that the low miR-194 expression, advanced TNM
stage, and poor tumor differentiation were significant prognostic
factors for a poor overall survival rate of CRC patients.

Previous studies have indicated that miR-194 was involved in
CRC. Chiang et al. revealed that miR-194 was frequently downre-
gulated in CRC tissues and cancer cell lines.16 However, Tan et al.
indicated that miR-194 was overexpressed in ulcerative colitis-
related CRC of mice.38 Sundaram et al. showed that miR-194
could promote angiogenesis and facilitate tissue repair by targeting
thrombospondin-1 in colon cancer.18 Nevertheless, the effect of
miR-194 in CRC was far from defined. For this reason, our study
aimed to identify the function of miR-194 in CRC. We showed
that overexpression of miR-194 significantly suppressed cell

proliferation, colony formation, promoted G0/G1 arrest, and
induced cell apoptosis. Furthermore, our in vivo study revealed
that the growth of xenograft tumors in nude mice was significantly
repressed after transfected with LV-miR-194. These results
strongly implied that miR-194 might act as an inhibitor in the
progress of CRC. Meanwhile, miR-194 played different role in
different cancer types,39,40 suggesting that miR-194 might be
tumor heterogeneous and highly dependent on its targets.

MAP4K4, involved in MAPK signaling pathway, has been
reported to be frequently overexpressed in several types of human
tumors.41,42 MAP4K4 participates in the initiation and develop-
ment of cancers by promoting cell proliferation, inhibiting cell
apoptosis, promoting angiogenesis, invasion, and metastasis.21,23

In this study, through bioinformatics analysis, we found that
MAP4K4 might be one of the potential targets for miR-194.
Thus, we applied dual-luciferase activity assay to identify the
effect of miR-194 on MAP4K4 expression. The data showed that
miR-194 can inhibit the expression of MAP4K4 by combining
directly to the 3’UTR of MAP4K4, whereas inhibition of miR-
194 expression resulted in upregulation of MAP4K4. However,
in reverse, knockdown of MAP4K4 had little effects on miR-194
expression, suggesting that there is no loop-regulation between
miR-194 and MAP4K4. Thereafter, we inhibited MAP4K4
expression by RNA interference and found that knockdown of
MAP4K4 could significantly prohibit proliferation of CRC cells
both in vitro and in vivo, which were similar to the effects of

Figure 4. Relationship between expression of miR-194 and MAP4K4 in colorectal tissue samples. (A) Immunohisto-
chemical analysis of MAP4K4 protein in representative colorectal tissue specimen is shown in £100 magnification.
Weak cytoplasmic and cytoblast staining for MAP4K4 was observed in CRN tissues while strong staining was observed
in CRC tissues. (B) MAP4K4 was detected by qRT-PCR in 50 CRC tissues and matched CRN tissues. The MAP4K4 abun-
dance was normalized against GAPDH. (C) The relationship between miR-194 and MAP4K4 expression was explored
by Pearson’s correlation in CRC tissues. **P<0.01.
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ectopic miR-194 expression. Furthermore, the inverse correlation
between miR-194 and MAP4K4 expression in CRC and CRN
tissues was further confirmed that miR-194 downregulation
resulted in MAP4K4 overexpression. Thus, we concluded that
downregulation of MAP4K4 might be a mechanism by which
miR-194 exerts its tumor suppressor functions. This study is the
first to show that MAP4K4 functions as an oncogene and might
be a promoter in CRC. It is also the first to show that MAP4K4
is negatively regulated by miR-194.

To further clarify the mechanism of MAP4K4 involved in
cancer cell growth, an array analysis was applied after knockdown

of MAP4K4 in CRC cells. We found that MDM2 expression
was significantly decreased after inhibition of MAP4K4.
MDM2, played a major oncogenic role on blocking p53 tran-
scriptional activity, and it was reported to be frequently overex-
pressed in various cancer types.28,43,44 Inhibition of MDM2 was
supposed to be an effective therapeutic method to treat human
cancer24,25 through the mechanism of apoptosis induction26 and
invasion repression.27 There have been accumulating evidences
that the antitumor effects of MAP4K4 depletion are likely medi-
ated through the JNK pathway.21,31 Phosphorylation of JNK
induced c-Jun expression.32 Interestingly, through bioinformatics

Figure 5. MAP4K4 is a direct target of miR-194. (A) Predicted binding site of miR-194 to the 3’UTR of human MAP4K4 by TargetScan. (B) Dual-luciferase
reporter assay with cotransfection of wild-type or mutant 3’UTR vector (100 ng) and miR-194 mimics or mimic NC (50 nM) in SW480 cells. Firefly lucifer-
ase activity of each sample was normalized against Renilla luciferase activity. The effects of upregulation of miR-194 on MAP4K4 expression at mRNA
level (C) and protein level (D). The effects of inhibition of miR-194 on MAP4K4 expression at mRNA level (E) and protein level (F). (G) Relative miR-194
expression after treated with siRNA-MAP4K4. (H) The expression of MAP4K4 protein after co-transfected with miR-194 inhibitor and siRNA-MAP4K4. All
data from 3 separate experiments are presented as mean § SD. *P<0.01.
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assay we found that c-Jun
was one of the potential
transcription factors for
MDM2 promoter. Thus,
ChIP assay was performed
to verify the role of c-Jun
on MDM2 expression.
The results revealed that
c-Jun could directly bind
to –1063 to –1057 bp of
MDM2 promoter to reg-
ulate MDM2 expression.
Moreover, inhibition of
MAP4K4 resulted in
downregulation of phos-
phorylated JNK and
c-Jun, as well as MDM2,
suggesting that downregu-
lation of MDM2 through
c-Jun might be a mecha-
nism by which MAP4K4
depletion display antican-
cer effects.

In summary, our pres-
ent study indicated that
miR-194 was frequently
downregulated in CRC
and the level of miR-194
was closely associated
with overall survival of
CRC patients. This study
also implied that miR-
194 negatively regulated
MAP4K4/c-Jun/MDM2
signaling pathway and
inhibited CRC cell
growth in vitro and in
vivo. Therefore, our find-
ings highlighted that
miR-194 might act as an
inhibitor in CRC by tar-
geting MAP4K4/c-Jun/
MDM2 signaling path-
way and also support the
development of effective
therapeutic strategies that
target miR-194/MAP4K4/c-Jun/MDM2 interactions as a novel
therapeutic application for CRC patients.

Materials and Methods

Cell lines and patient tissue samples
Human CRC cell lines SW480, SW620, RKO, HT29,

HCT116, and LoVo cells were purchased from American Type
Culture Collection (Manassas, VA). NCM460 cell was

purchased from American INCELL Corporation. They were all
tested and authenticated for genotypes by DNA fingerprinting.
These cell lines were passaged for less than 6 months after resusci-
tation, and no reauthorization was done; SW480 and SW620
cells were cultured in Leibovitz’s L-15 medium and the others
were cultured in RPMI1640 medium supplemented with 10%
fetal bovine serum (FBS) (all from Gibco), 100 IU/mL penicillin,
and 100 mg/mL streptomycin at 37�C with 5% CO2. Tissue
samples were obtained from patients undergoing surgery. The
patients were treated with coloproctectomy, depending on

Figure 6. MAP4K4 influences MDM2 expression through regulating transcription factor c-Jun. (A) Gene expression
profile array analysis in SW480 cells. Hierarchical clustering of the expression values for mRNA of siRNA-MAP4K4 cells
vs. siRNA-NC cells. (B) Western blot analysis showed expression of MDM2, FAM172A, CAMLG, PLOD2 and MPEG1 pro-
tein after knockdown of MAP4K4. Silencing of transcription factor c-Jun resulted in downregulation of MAP4K4 expres-
sion in RKO and SW480 cells. (D) The human MDM2 promoter constructs containing a potential c-Jun binding motif
(–1063 to –1057 bp). (E) The transcriptional activity of the MDM2 promoter. SW480 cells were co-transfected with the
wild type or mutant type plasmids and c-Jun vector or blank vector for 48 h, and the luciferase activity was measured.
(F) ChIP assays of c-Jun and its binding motif. Two antibodies (anti-IgG and c-Jun) were used in the ChIP assays in
SW480 cells. QRT-PCR was performed to quantify the binding activity. (G) Products of qRT-PCR observed by electro-
phoresis method. (H) MAP4K4 knockdown influenced the expression of phosphorylated JNK and c-Jun, but had little
effect on total JNK. MAP4K4-siRNA or siRNA-NC expressing SW480 transfectants were subjected to Western blot analy-
sis. (I) Upregulation of miR-194 in SW480 cells had similar effects on expression of JNK, p-JNK and c-Jun to that of
MAP4K4 knockdown. (J) The effects of overexpression of miR-194 on MDM2 expression. Representative images of 3
independent experiments with similar results are shown. **P<0.01.
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the National Comprehensive Cancer Network (NCCN) guide-
line for colon/rectal cancer (version 1. 2013). One part of the
sample was embedded in paraffin and the other was immediately
snap-frozen and stored at –80�C until RNA or protein extrac-
tion. All patients provided written informed consent before sam-
ples were collected. The study was approved by the local
Research Ethics Committee of Peking University.

MiRNA microarray analysis
Total RNA, containing miRNA, was extracted from tissue

samples using TRIzol reagent (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s instructions. The low-molecular-weight
RNA was isolated using a polyethylene glycol (PEG) solution
precipitation method45 and was labeled using the T4 RNA ligase
labeling method.46 They were then hybridized to Agilent human
miRNA 8 £ 60 k microarray (V16.0). Images were scanned
using the Agilent Scan Array Express array scanner (G2565CA).
The resulting images were quantified with Agilent’s Feature
Extraction software (v10.7). Data were normalized and analyzed
with Agilent Gene Spring software.

MAP4K4 knockdown, overexpression, and inhibition
of miR-194

The MAP4K4 interference sequence was obtained as
described previously.47 Cells were seeded onto plate wells, and
transfected the next day with 50 nmol/L MAP4K4 siRNA, miR-
194 mimics, miR-194 inhibitor, or their corresponding negative
controls (NC; siRNA NC, mimics NC, or miRNA inhibitor
NC; Ribobio Co., Guangzhou, China). Lipofectamine 2000
(Invitrogen) was used for cell transfection according to the man-
ufacturer’s instructions. Cells were collected after an additional
48–72 h.

Quantitative real-time reverse transcription polymerase
chain reaction

The reverse transcription was performed using a reverse tran-
scription kit (Takara, Japan). The expression of mature miRNAs
and potential target genes were measured by Quantitative real-
time reverse transcription polymerase chain reaction (qRT-PCR)
with SYBR Green PCR Kit (Takara) on CFX96 Real-Time PCR
Detection System (Bio-Rad, Hercules, CA). Human U6 RNA or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA was
amplified as an internal control respectively for miRNA or
mRNA. The miRNA or mRNA levels were calculated according
to 2¡DDCt. The reverse primers of U6 and miR-194 were the uni-
versal primer provided by Takara. The miR-194 expression was
determined as high when the expression level was equal to or
above the median of the cohort and low when it was below the
median of the cohort.48 Primer sequences are shown in Table S1.

Genome-wide expression microarray analysis
The genomic expression level of total RNA from cells trans-

fected with MAP4K4 siRNA or NC was detected by GeneChip�

PrimeViewTM Human Gene Expression Array (Affymetrix,
USA). Fold-changes in gene expression were determined with the
normalized signal intensities. Genes were identified to exhibit

significant differential expression if they fit the criteria of P-values
<0.05 and fold change > j1.5j.

Immunohistochemistry
Tissue samples were embedded in paraffin. The paraffin sec-

tions (4 mm) were deparaffinized with xylene, rehydrated, per-
meabilized in 0.1% Triton X-100, and incubated overnight at
4�C with MAP4K4 antibody (sc-100445; SantaCruz Biotechnol-
ogy, Santa Cruz, CA; 1:100) overnight. The sections were incu-
bated with biotinylated goat anti-mouse secondary antibody
(Boster, Wuhan, China) for 1 h at room temperature. 3, 3-Dia-
minobenzidine was used to detect the antigen–antibody complex,
and hematoxylin was used for counter staining. NC sections were
incubated in phosphate buffered saline (PBS) instead of primary
antibody.

The staining results were evaluated by 2 experienced patholo-
gists who were blinded to patient information. For MAP4K4,
using the median value of 10% as a cutoff, positive expression
was defined as cytoplasmic staining of >10% of the cells.49

Western blot analysis
We used cell lysis buffer with proteinase inhibitors (Roche

Diagnostics, Basel, Switzerland) to extract total protein. Lysates
were denatured with sodium dodecyl sulfate (SDS) buffer at
100�C for 10 min and separated in 10% or 15% polyacrylamide
gels and then transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore, Hertfordshire, UK). Membranes were
blocked with 5% non-fat milk powder in Tris-buffered saline
containing 0.1% Tween 20 (TBST) and probed with primary
antibodies overnight at 4�C. Membranes were treated with sec-
ondary antibodies on the next day. Band signals were visualized
using enhanced chemiluminescence (ECL; Pierce, Rockford, IL),
exposed to a ChemiDocTM XRSC System (Bio-Rad), and the
band density was evaluated by Bio-Rad Quantity One software.
Primary antibodies are shown in Table S2.

Cell proliferation and colony formation assay
Cells were seeded onto 96-well plates and incubated at 37�C

after transfection. After incubation for 1 to 5 days, each well was
added 10 ml of CCK8 solution and the plates were continued to
be incubated for another 4 h at 37�C. The absorbance was mea-
sured at 450 nm using a microplate reader (Bio-Rad). The
CCK8 assay was repeated 3 times with 6 replicates.

The colony formation was performed as follows: after trans-
fection, cells were seeded onto each well of a 6-well plate and
then incubated for another 10 d The wells were then washed
with PBS, fixed with 4% paraformaldehyde, and stained with
0.1% crystal violet. The colony assay was repeated 3 times in
duplicate.

Cell apoptosis and cell cycle analysis
For cell apoptosis analysis, cells were collected 72 h after

transfection, and the process was performed with Alexa Fluor
\R488 annexin V/Dead cell apoptosis kit (Invitrogen). For cell
cycle assay, cells were collected and stained using BD cycletestTM

plus DNA reagent kit (BD Biosciences) according to the
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manufactures’ instructions. All cells were detected by flow cytom-
etry (BD Biosciences). Data were analyzed with FlowJo V7 soft-
ware (Tree Star, Ashland, OR).

Matrigel invasion assay
The Matrigel invasion chamber was used to assess cell invasion

ability (24-well plates, 8-mm pore size, Corning). In brief, cells
were seeded in the upper chamber with the media containing
0.1% bovine serum albumin, while the media containing 30%
fetal bovine serum was placed in the lower well. After incubation
for 48 h at 37�C, the non-invading cells were removed with cot-
ton swabs. Invasive cells at the bottom of the membrane were
stained with 0.1% crystal violet and were counted under micro-
scopic observation. This invasion detection was repeated 3 times
in duplicate.

Luciferase assay
SW480 cells were seeded in 96-well plates at 5000 cells per

well and cotransfected pMIR-REPORT Luciferase vector (Ribo-
bio Co.) containing MAP4K4 3’UTR (3441 bp) or mutated
ones with miR-194 mimic or mimic NC; or cotransfected lucif-
erase vector containing the ¡1063 to –1057 MDM2 promoter
sequence with or without c-Jun luciferase reporter plasmid. After
incubation for 48 h, luciferase activity was determined using the
Dual-Luciferase reporter assay system (Promega, Madison, WI).
The relative luciferase activities were detected by normalizing to
Renilla Luciferase activities.

Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed

using SW480 cells and carried out as described previously.28,50

Briefly, cells were cross-linked by incubation in 1% formalde-
hyde-containing medium for 10 min at 37�C and then sonicated
to make soluble chromatin with DNA fragments between 200
and 1000 bp. The chromatin fragments were immunoprecipi-
tated with the following antibodies: c-Jun (9165#, Cell Signal
Technology, 1:50), and normal rabbit IgG (2729#, Cell Signal
Technology). The protein–DNA complex was collected with
protein A Sepharose beads (Millipore), eluted, and reverse cross-
linked. Following treatment with protease K (Sigma-Aldrich, St.
Louis, MO), samples were extracted with phenol-chloroform,
and precipitated with ethanol. The recovered DNA was resus-
pended in TE buffer and used for qPCR amplification.

In vivo tumor growth assay
We used Lentiviral vector (GeneChem Co. Ltd, Shanghai,

China) containing miR-194 (LV-miR-194) or MAP4K4 (LV-
MAP4K4-RNAi) RNA interference sequences to infected

SW480 cells. The fluorescence intensity and range were observed
to identify the efficiency of infection. BALB/c female nude mice
(4 weeks old) were purchased from Beijing Vital River Laborato-
ries (China). These mice were maintained in a specific pathogen-
free environment in the Experimental Animal Center of Peking
University People’s Hospital. The animal experiments were
approved and reviewed by the Animal Research Committee of
the Peking University People’s Hospital. Care and handling of
the animals were in accordance with the guidelines for Institu-
tional and Animal Care and Use Committees.

Mice were randomly allocated to 4 groups (NC, MAP4K4
RNAi, miR-194 and miR-NC), with 4 mice in each group.
Infected SW480 cells (1 £ 107 cells/mouse) were injected subcu-
taneously into mice. Tumor volumes were measured every 4 d
and calculated according to the formula V D 0.5 £ L (length) £
W2 (width). At 40 d after the cells inoculation, mice were sacri-
ficed and tumors were excised to measure the volume and weight.
The expression of MAP4K4 in tumors was detected by qRT-
PCR and Western blot analysis.

Statistical analysis
All results are expressed as mean § SD. Differences between

groups were assessed using Student’s t-test and Fisher’s exact test.
The relationship between the expression of miR-194 and
MAP4K4 was analyzed using Pearson’s correlation. The relation-
ship between miR-194 expression and clinicopathologic features
of CRC was analyzed using the Pearson x2 test. Kaplan-Meier
method was used to calculate overall survival of 2 patients groups
whose differences were analyzed by log-rank test. P < 0.05 was
considered to be statistically significant. All data, unless otherwise
explained specifically, were analyzed using the SPSS 20.0 soft-
ware (SPSS, Chicago, IL).
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