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Molecular and Cellular Pathobiology

miR-103/107 Promote Metastasis of Colorectal Cancer by
Targeting the Metastasis Suppressors DAPK and KLF4

Hsin-Yi Chen1, Yu-Min Lin1,2, Hsiang-Ching Chung1,2, Yaw-Dong Lang1, Ching-Jung Lin1,2, John Huang3,
Wei-Chi Wang4, Feng-Mao Lin4, Zhen Chen5, Hsien-Da Huang4, John Y.-J. Shyy5, Jin-Tung Liang3, and
Ruey-Hwa Chen1,2

Abstract
Metastasis is themajor cause of poor prognosis in colorectal cancer (CRC), and increasing evidence supports

the contribution ofmiRNAs to cancer progression. Here, we found that high expression ofmiR-103 andmiR-107
(miR-103/107) was associated with metastasis potential of CRC cell lines and poor prognosis in patients with
CRC. We showed that miR-103/107 targeted the known metastasis suppressors death-associated protein
kinase (DAPK) andKr€uppel-like factor 4 (KLF4) in CRC cells, resulting in increased cellmotility and cell–matrix
adhesion and decreased cell–cell adhesion and epithelial marker expression. miR-103/107 expression was
increased in the presence of hypoxia, thereby potentiating DAPK and KLF4 downregulation and hypoxia-
induced motility and invasiveness. In mouse models of CRC, miR-103/107 overexpression potentiated local
invasion and liver metastasis effects, which were suppressed by reexpression of DAPK or KLF4. miR-103/107–
mediated downregulation of DAPK and KLF4 also enabled the colonization of CRC cells at a metastatic site.
Clinically, the signature of a miR-103/107 high, DAPK low, and KLF4 low expression profile correlated with the
extent of lymph node and distant metastasis in patients with CRC and served as a prognostic marker for
metastasis recurrence and poor survival. Our findings therefore indicate that miR-103/107–mediated repres-
sion of DAPK and KLF4 promotes metastasis in CRC, and this regulatory circuit may contribute in part to
hypoxia-stimulated tumor metastasis. Strategies that disrupt this regulation might be developed to block CRC
metastasis. Cancer Res; 72(14); 3631–41. �2012 AACR.

Introduction
Metastasis is responsible for most cancer mortality. The

secondary growths arise through a multistep process, includ-
ing invasion of tumor cells into the adjacent tissues, intravasa-
tion into the systematic circulation, survival in the circulation,
extravasation from blood vessels, initiation and maintenance
of micrometastases at distant sites, and ultimately the out-
growth of secondary tumors (1, 2). At each step, metastatic

cells face multiple obstacles that are overcome with molecular
alterations regulating the expression and function of specific
metastasis-related genes (3).

Death-associated protein kinase (DAPK) is a metastasis
suppressor. DAPK expression inhibits metastasis of Lewis lung
carcinoma by increasing the sensitivity of tumor cells to
programmed cell death (4). In addition, DAPK suppresses
cell–matrix adhesion by inactivating integrin b1 (5), thereby
inhibiting tumor cell motility (6). In line with the antimetas-
tasis function of DAPK, clinical studies indicate that loss of
DAPK expression in several cancer types is associated with
advanced tumor stages and aggressive phenotypes, including
metastasis (7). Although hypermethylation of DAPK promoter
is frequently documented as an inactivation mechanism in
tumors, loss of DAPK expression in the absence of promoter
hypermethylation has also been reported (7), suggesting the
existence of additional layer of DAPK regulatorymechanism in
tumors.

The zinc finger transcriptional factor Kr€uppel-like factor 4
(KLF4) is expressed in several types of epithelial tissues. In the
intestine, KLF4 expression is enriched in terminally differen-
tiated epithelial cells near the luminal surface and gradually
decreases toward the base of crypts (8). Conditional deletion of
the klf4 gene in the intestine leads to increased proliferation
and migration and decreased differentiation of epithelial cells
(9). In line with the maintenance of epithelial homeostasis of
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the gastrointestinal tract, KLF4 displays a tumor suppressive
function (10–12) and serves as a prognostic predictor for the
survival of patients with gastrointestinal cancer (11, 13).
Accordingly, klf4 heterozygous deletion increases intestinal
tumor burden in ApcMin mice model (14). In colorectal cancer
(CRC) cell line, KLF4 overexpression reduces transformation,
migration, invasion, and tumorigenicity (15). Furthermore,
KLF4 promotes epithelial traits by inducing the expression
of several epithelial markers (16, 17) and suppressing tumor
metastasis in vivo (18). Although KLF4 protein downregula-
tion is prevalent in CRC (13), promoter hypermethylation and
loss of heterozygosity of klf4 are detected only in a small subset
of CRC specimens (12), suggesting the existence of additional
mechanism for KLF4 downregulation.

miRNAs are noncoding RNAs of 18 to 24 nucleotides that
inhibit translation or induce mRNA decay through bind-
ing to the 30-untranslated region (30-UTR) of their target
RNAs (19, 20). A number of miRNAs have been identified to
regulate tumor metastasis (21, 22). Among them, miR-103
and miR-107, belonging to the miR-103/107 family due to
their identical seed sequences, are capable of inducing
epithelial-to-mesenchymal transition (EMT) of mammary
epithelial cells, thereby fostering invasive and metastatic
behaviors of breast cancers (23). This function of miR-103/107
is attributed to its suppression of Dicer. However, studies
in CRC revealed that high expression of Dicer is asso-
ciated with high-grade tumor and poor prognosis (24, 25).
Thus, it remains unclear whether miR-103/107 act as meta-
stamirs in CRC.

We report here that miR-103/107 target DAPK and KLF4 to
potentiate cell–matrix adhesion and to inhibit cell–cell adhe-
sion, thereby conferring motility and invasiveness of CRC cells.
ThismiR-103/107–dependent regulation acts pleiotropically to
potentiate CRC metastasis in vivo. Furthermore, a signature of
miR-103/107 high, DAPK low, and KLF4 low expression profile
correlates with metastasis, metastasis recurrence, and poor
overall survival in patients with CRC. Our study reveals a
pivotal role of miR-103/107–dependent DAPK and KLF4 mod-
ulation in CRC metastasis.

Materials and Methods
Materials

Plasmids, miRNAs, antagomiRs, antibodies, and other
reagents are described in the Supplementary Materials and
Methods.

Cell culture and transfection
All cell lines were obtained from American Type Culture

Collection and used within 6 months of thawing. HCT116,
HT29, SW620, and WiDr cells were cultured in RPMI-1640
medium containing 10% fetal calf serum (FCS). SW480 and
CaCo-2 cells were maintained in Dulbecco's Modified Eagle's
Medium (DMEM) containing 10% FCS and DMEM high glu-
cose containing 10% FCS, respectively. Transfection was car-
ried out by Lipofectamine 2000 Reagent (Invitrogen). Hypoxia
experiments were carried out by placing cells in a closed
chamber flushed with 1% O2/5% CO2/94% N2.

In situ hybridization and immunohistochemical analysis
Tissue microarray containing 89 CRC specimens were

obtained from Biomax Inc. and Pantomics Inc. In addition,
99 CRC specimens with survival and recurrence information
were obtained from National Taiwan University Hospital Tis-
sue Bank. Studies involving these tissues were approved by the
Institutional Review Boards at College of Medicine, National
Taiwan University and Academia Sinica (Taipei, Taiwan). In
situ hybridization (ISH) analysis with 30 DIG–labeled miRNA-
103 LNA andmiR-107 LNA and immunohistochemical analysis
with avidin-biotin-peroxidase method are described in the
Supplementary Materials and Methods.

Lentivirus production and infection
To generate recombinant lentivirus, 293FT cells were

cotransfected with the package, envelop, and various expres-
sing constructs. The virus-containing supernatant was har-
vested and concentrated by ultracentrifugation. For infection,
the viral stock was supplemented with 8 mg/mL of polybrene.

Flow cytometric analysis
To assess cell surface expression of integrin, cells were

washed with PBS, trypsinized by dissociation buffer (GIBCO),
and resuspended in blocking solution (Ca2þ, Mg2þ-free HBSS
containing 2% goat serum). Cells were then incubated with
anti-integrin b1 antibody HUTS-21 or P5D2 for 1 hour at 4�C,
washed with PBS, and labeled with secondary antibody for 30
minutes at 4�C. Cells were washed and analyzed on a Becton
Dickinson FACScan flow cytometer.

Luciferase assay
For 30-UTR analysis, cells were cotransfected with psi-

CHECK-2–based construct and pre-miR-103/107 or a negative
control. Luciferase assay was conducted with the Dual-Lucif-
erase Reporter Assay System (Promega).

Cell migration and invasion
For migration assay, the underside of Transwell polycar-

bonate membrane was coated with fibronectin. Cells resus-
pended in 10% FCS medium containing 1% bovine serum
albumin (BSA) were plated onto the upper chamber, and the
medium containing 1% BSA and 20% FCS was added to the
lower chamber. Cells were incubated at 37�C under normoxia
or hypoxia conditions. At the end point of incubation, cells that
had migrated onto the lower membrane surface were fixed by
4% formaldehyde and counted. For invasion assay, the Trans-
well membrane was coated with Matrigel.

Cell adhesion
Cells resuspended in RPMImedium containing 1%BSAwere

plated on wells precoated with 10 mg/mL (for HT29) or 20 mg/
mL (for HCT116) of fibronectin and incubated for 20 to 40
minutes at 37�C. Nonadherent cells were removed and
attached cells were fixed with 3.7% paraformaldehyde and
stained with 0.1% crystal violet.

Calcium switch
For analyzing junctional reassembly, cells were treated with

medium containing 1 mmol/L EGTA at 37�C for 2 hours,
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followed by incubation in calcium-containing medium for 1
or 3 hours at 37�C. The cells were fixed and stained with anti-
E-cadherin antibody and 40, 6-diamidino-2-phenylindole
(DAPI). The images were captured with a confocal microscope
(510 Meta; Carl Zeiss MicroImaging Inc.) equipped with a�63
oil objective lens.

Anoikis assay
Cells were seeded on plates precoated with 0.1 mg/mL of

fibronectin and cultured for 14 hours. For all apoptosis-related
assays, both detached and adherent cells were harvested and
combined. DNA fragmentation was measured by Cell Death
ELISA Kit (Roche).

In vivo models
Seven-week-old male Swiss nu/nu mice were purchased

from National Laboratory Animal Center, Taipei, Taiwan and
were housed and maintained under specific pathogen-free
conditions. All mouse experiments were conducted with
approval from the Experimental Animal Committee, Academia
Sinica. For orthotopic transplantation, cells were resuspended
(2 � 106 cells/0.05 mL HBSS) and injected into the wall of the
cecum. Local invasion was examined at week 4, whereas liver
metastasis and primary tumor growth were at week 8 after
implantation. For experimental metastasis, cells tagged with
luciferase using lentiviral transduction were resuspended
(1 � 106 cells/0.05 mL PBS) and injected into the tail vein.
Lung metastasis was monitored by bioluminescent imaging
using IVIS image system. Seven weeks later, mice were killed
for examining lung metastasis.

Results
miR-103/107 expression correlates with CRC metastasis
and poor survival
To investigate the roles of miR-103 and miR-107 in CRC

metastasis, we examined their expression in a panel of CRC
cell lines showing differential metastasis potential in an
orthotopic model (26–30). Using qPCR analysis with primers
specific to miR-103 and miR-107 (Supplementary Fig. S1A),
we observed positive correlations between the levels of miR-
103 and miR-107 and the metastasis potential of these cells
(Fig. 1A). Because the 2 miRNAs are expected to elicit similar
biologic functions due to their identical seed sequences,
their combinatory expression level and effect were analyzed
in the subsequent studies. We conducted ISH analysis of
miR-103/107 expressions in a cohort of 188 human CRC
specimens. Representative images are presented in Fig. 1B.
Remarkably, miR-103/107 expression was elevated in stage
III compared with stage II tumors (Supplementary Table S1),
and high expression of miR-103/107 was associated with
lymph node metastasis (N1–N3) and distant metastasis
(M1; Table 1). Kaplan–Meier analysis on patients with
survival data (n ¼ 99) revealed that miR-103/107 high
expression correlated with metastatic recurrence and poor
overall survival (Fig. 1C). Our results indicate miR-103/107
as a marker of poor prognosis of CRC and suggest a
metastasis-promoting function of these 2 miRNAs in CRC.

miR-103/107 target DAPK and KLF4 in CRC cells
miR103/107 was reported to promote EMT and metastasis

in breast cancers by targeting Dicer (23). In CRC, however,
Dicer expression is augmented in high-grade tumor and
predicts poor survival (24, 25), which do not support a major
role of Dicer in CRC metastasis. To identify potential targets
of miR-103/107 in CRC, we used miRanda (31) and Target-
Scan (32) algorithms. Candidates recovered from these
algorithms were analyzed by Cancer Gene Index (https://
wiki.nci.nih.gov/display/cageneindex/CancerþGeneþIndexþ
EndþUserþDocumentation) to search for metastasis sup-
pressors. Among them, we were particularly interested in
DAPK, KLF4, and PTEN, because they all elicit a metasta-
sis-suppressive function (4, 18, 33). We examined the effect
of miR-103/107 on the expression of these 3 candidates in
CRC cell lines. Overexpression of miR-103/107 in HCT116
cells reduced the protein levels of DAPK and KLF4 but not
PTEN (Fig. 2A). Downregulation of DAPK and KLF4 by
miR-103/107 was recapitulated in another CRC cell line,
DLD-1. miR-103/107, however, did not affect DAPK and
KLF4 mRNA levels (Supplementary Fig. S1B). To investi-
gate whether endogenous miR-103/107 could regulate
endogenous DAPK and KLF4, we transfected HCT116 cells
with antagomiR-103/107, which blocked the function of
miR-103/107 (Supplementary Fig. S2). AntagomiR-103/107
induced a concurrent elevation of DAPK and KLF4, which
was reversed by DAPK and KLF4 siRNAs, respectively
(Fig. 2B). To substantiate that DAPK and KLF4 are direct
targets of miR-103/107, we generated reporter constructs
in which the full-length 30-UTR of DAPK or KLF4 was cloned
downstream of the luciferase open reading frame. Over-
expression of miR-103/107 reduced the activities of DAPK-
and KLF4-based reporters, whereas antagomiR-103/107
markedly increased the activities of 2 reporters (Fig. 2C
and D). Furthermore, mutagenesis of the seed sequences of
predicted miR-103/107–binding sties on DAPK 30-UTR abro-
gated the responsiveness to miR-103/107 (Fig. 2C). In the
case of KLF4 30-UTR, 2 putative miR-103/107–binding sites
were found and they functioned cooperatively to suppress
the reporter activity (Fig. 2D). In line with the results of
reporter assays, the expressions of Flag-DAPK and Flag-
KLF4 from constructs that lack 30-UTR sequences were not
affected by miR-103/107 (Fig. 2E). These results indicate
that miR-103/107 suppress the expression of DAPK and
KLF4 by targeting their 30-UTRs.

The signature of miR-103/107 high, DAPK low, and KLF4
low expression correlates with metastasis and poor
prognosis of CRC patients

To evaluate the clinical relevance of miR-103/107–
induced downregulation of DAPK and KLF4, we conducted
immunohistochemical analysis for DAPK and KLF4 expres-
sion in CRC specimens derived from consecutive slides that
had been analyzed for miR-103/107 expression. Represen-
tative images from a metastatic case and a nonmetastatic
case are presented in Fig. 1D. This analysis revealed that
miR-103/107 expression correlated inversely with DAPK
and KLF4 expression (Fig. 1E), suggesting the existence of
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miR-103/107–dependent modulation of DAPK and KLF4 in
this cohort of patients. Similar to miR103/107 upregulation,
DAPK and KLF4 downregulation was each associated with
metastasis to lymph node and distant organs (Table 1), as
well as with a shorter metastasis-free period and reduced
overall survival (Fig. 1F). More importantly, patients with a

miR-103/107 high, DAPK low, and KLF4 low expression
signature had the shortest metastasis-free period and the
worst overall survival (Fig. 1G). The prognostic significance
of this expression signature was showed by multivariate
analysis and was independent of other prognostic markers,
such as T stage and N stage (Supplementary Table S2). These

Figure 1. The expression profile
of miR-103/107 high, DAPK low,
and KLF4 low correlates with
metastasis and poor survival of
patients with CRC. A, reverse
transcription/quantitative
polymerase chain reaction analysis
of miR-103 and miR-107
expression in CRC cell lines.
Data are mean � SD, n ¼ 3.
B and D, representative ISH
staining for miR-103/107 (B) and
immunohistochemical staining for
DAPK and KLF4 (D) in primary
tumors from indicated classes of
patients with CRC. Bars, 200 mm.
E, inverse correlation of
miR-103/107 expression with
DAPK or KLF4 expression in 188
CRC specimens. Fisher exact test
was used for comparison between
groups. C, F, and G, Kaplan–Meier
analysis of overall survival and
metastasis-free survival of patients
with CRC with the corresponding
expression profiles (C and F), and
subgroup analysis of CRC cases
according to the expression profile
of miR-103/107, DAPK, and KLF4
(G). The 3 patients displaying
miR-103/107 high, DAPK high, and
KLF4 high expression were
omitted in G.
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Table 1. The miR-103/107, DAPK, and KLF4 expression profiles with relation to metastasis

Clinicopathologic
parameters

Cases
no.

miR-103/107 expression DAPK expression KLF4 expression

Low (%) High (%) P Low (%) High (%) P Low (%) High (%) P

Node status
N0 87 52 (60) 35 (40) 43 (49) 44 (51) 40 (46) 47 (54)
N1–N3 101 36 (36) 65 (64) <0.002 75 (74) 26 (26) <0.0006 70 (69) 31 (31) <0.002

Distant metastasis
M0 159 81 (51) 78 (49) 94 (59) 65 (41) 87 (55) 72 (45)
M1 29 7 (24) 22 (76) 24 (83) 5 (17) 23 (79) 6 (21) <0.02

Figure 2. miR-103/107 targetDAPK
and KLF4. A, immunoblot analysis of
HCT116 andDLD-1 cells transfected
with indicated miRNAs. B,
immunoblot analysis of HCT116
cells transfected with indicated
antagomiRs or siRNAs. C and D,
predicted sequences of the miR-
103/107–binding sites within the
30-UTR of DAPK and KLF4 and the
sequences of DAPK and KLF4
30-UTR mutants (Mut) used in this
study (top). Luciferase activity in
HCT116 cells upon transfection of
indicated 30-UTR–driven reporter
constructs and miRNAs or
antagomiRs. E, immunoblot analysis
of HCT116 cells transfected with
indicated constructs and GFP. All
numerical data are mean � SD.
�, P < 0.05, n ¼ 3. GAPDH,
glyceraldehyde-3-phosphate
dehydrogenase; WT, wild-type.
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data support that miR-103/107–dependent regulation of
DAPK and KLF4 is associated with metastasis and poor
prognosis of patients with CRC.

DAPK and KLF4 mediate miR-103/107–induced motility
and invasiveness in CRC cells

The strong association of the expression profile of miR-
103/107, DAPK, and KLF4 with CRC metastasis prompted us
to investigate the impacts of miR-103/107–dependent reg-
ulation of DAPK/KLF4 on metastasis-relevant traits. To this
end, HT29 cells stably expressing miR-103/107, DAPK,
and/or KLF4 were established (Fig. 3A, left). miR-103/107
overexpression induced a significant increase in motility
and invasiveness, which was partially suppressed by reex-
pression of DAPK or KLF4 (Fig. 3A, middle and right).
Similar findings were observed with another CRC cell line,
HCT116 (Supplementary Fig. S3). Notably, immunoblot
analysis confirmed miR-103/107–induced downregulation

of DAPK and KLF4 in these cell lines, which were rescued
by reexpression of DAPK and KLF4, respectively (Fig. 3A and
Supplementary Fig. S3, left). In a reciprocal experiment,
antagomiR-103/107 inhibited migration and invasion of
HCT116 cells. More importantly, these effects were partially
reversed by silencing of either DAPK or KLF4 and complete-
ly abrogated by depletion of both (Fig. 3B). Thus, concurrent
repression of DAPK and KLF4 plays a major role in miR-
103/107–induced CRC cell migration and invasion.

Hypoxia is an essential feature of tumor microenviron-
ments and is associated with the development of metastasis
(34). Because previous (35) and present (Supplementary
Fig. S4) studies showed that miR-103 and miR-107 levels are
elevated in hypoxia, we investigated whether hypoxia reduces
the expression of DAPK and KLF4 through miR-103/107
and whether this miR103/107–induced regulation contri-
butes in part to hypoxia-stimulated migration and invasion.
Indeed, we found that DAPK and KLF4 were downregulated

Figure 3. Repression of
DAPK and KLF4 mediates
miR-103/107–induced motility
and invasiveness in normoxic
and hypoxic cells. A,
immunoblot analysis and
migration/invasion assays of
HT29 cells stably expressing
indicated miRNAs and/or
cDNAs. B, HCT116 cells as
in Fig. 2B were assayed for
migration and invasion. C,
immunoblot analysis of HCT116
cells transfected with indicated
antagomiRs and cultured in
hypoxia or normoxia for
48 hours. D, HCT116 cells
transfected with indicated
antagomiRs and/or siRNAswere
cultured in normoxia or hypoxia
for 16 hours and assayed for
migration and invasion. All
numerical data are mean � SD.
�,P < 0.05; ���,P < 0.0005, n� 3.
GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
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in response to hypoxia and antagomiR-103/107 rescued
their expression in hypoxic cells (Fig. 3C). Furthermore,
antagomiR-103/107 drastically reduced migration and inva-
sion of hypoxic HCT116 cells, and these effects were
completely abrogated by depletion of both DAPK and KLF4
(Fig. 3D). Collectively, our data support a crucial and physio-
logic role of miR-103/107–dependent DAPK and KLF4
repression in CRC cell motility and invasiveness under both
normoxia and hypoxia conditions.

miR-103/107–mediated suppression of DAPK and KLF4
promotes cell–matrix adhesion and inhibits cell–cell
adhesion
We next investigated the underlying mechanisms through

which miR103/107–dependent regulation of DAPK and KLF4
potentiates CRC cell motility and invasiveness. Our previous
study revealed that DAPK suppresses cell–matrix adhesion
through inactivating integrin b1 (5). Because cell motility is
greatly influenced by cell–matrix adhesion, we evaluated the
effect of miR-103/107 on cell attachment to fibronectin. We

found that miR-103/107 overexpression in HT29 and HCT116
cells led to a significant increase in cell–matrix adhesion and
this effect was reversed by reexpression of DAPK (Fig. 4A). In
line with this finding, miR-103/107 prevented cell death
induced by low matrix concentrations (anoikis) and reexpres-
sion of DAPK abolished this function (Fig. 4B). Furthermore,
ectopic miR-103/107 stimulated integrin b1 activity without
affecting its abundance and DAPK reexpression again abol-
ished this integrin-regulating function (Fig. 4C). Consistent
with the enhanced cell–matrix adhesion, the migration-pro-
moting effect of miR-103/107 was more pronounced under
low matrix concentrations (Supplementary Fig. S5A). In addi-
tion to cell–matrix adhesion, cell–cell adhesion also plays a
crucial role in regulating cell motility. Notably, KLF4 induces
the expression of several epithelial markers that contribute
to cell–cell adhesion, such as E-cadherin, claudin-3, and occlu-
din (16, 17). Accordingly, overexpression of miR-103/107 in
HT29 and SW480 cells decreased the expression of these
epithelial markers and reexpression of KLF4 at least partially
recovered their expression (Fig. 4D and Supplementary

Figure 4. miR-103/107–induced repression of DAPK and KLF4 potentiates cell–matrix adhesion and diminishes cell–cell adhesion. A and B, HT29 or HCT116
cells transfectedwith indicated constructs were assayed for adhesion on fibronectin for 25minutes (A) or for anoikis (B). C, cell surface expression of active or
total integrin b1 in HT29 cells transfected with indicated constructs was assayed by flow cytometric analysis. D, HT29 cells transfected with indicated
constructs were assayed for the expression of indicated genes by RT/qPCR. E, adherens junction assembly assay. HT29 cells stably expressing miR-
103/107 together with or without KLF4 were cultured in indicated conditions and stained with anti-E-cadherin antibody (red) and DAPI (blue). Bar, 10 mm. All
numerical data are mean � SD. �, P < 0.05; ��, P < 0.005; ���, P < 0.0005, n � 3.
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Fig. S5B and S5C). miR-103/107, however, did not affect the
expression of mesenchymal markers Slug and Snail (Supple-
mentary Fig. S5D), which is consistent with the reported
function for KLF4 (16). In line with the downregulation of
epithelial markers without affecting the expression of mesen-
chymal markers, miR-103/107 overexpression was insufficient
to induce EMT in a number of CRC cell lines (Supplementary
Fig. S5E). However, when tested for the formation of adherens
junctions by the calcium switch methodology (see Materials
and Methods), we found that miR-103/107 caused a signifi-
cant delay in the assembly of E-cadherin–mediated adhesions
(Fig. 4E) and this effect was again abolished by KLF4 reexpres-
sion (Fig. 4E). Thus, our study showed that miR-103/107
repress DAPK and KLF4 to promote a number of metasta-
sis-relevant traits in vitro, including stimulating migration,
invasion, and cell–matrix adhesion and suppressing epithelial
marker expression and adherens junction assembly.

Reexpression of DAPK and KLF4 reverses
miR-103/107–imposed metastasis in vivo

We next investigated the impact of miR-103/107–depen-
dent DAPK and KLF4 repression on CRC metastasis using a
well-established orthotopic model (26–30). To this end,
HCT116 derivatives (see Supplementary Fig. S3) were
injected into the cecum of nude mice. These cell lines
exhibited comparable proliferation rates in vitro (Supple-
mentary Fig. S6A). However, at 8 weeks after implantation,
we found that miR-103/107 overexpression significantly
increased the size and number of metastatic nodules in the
liver, and this effect was partially suppressed by reexpression
of DAPK or KLF4 (Fig. 5A and B). Primary tumor weight,
tumor cell proliferation rate, and angiogenesis at the pri-
mary site, however, were not significantly differed among
the 4 groups (Fig. 5C and D and Supplementary Fig. S6B
and S6C). Histologic analysis of tissues adjacent to the

Figure 5. miR-103/107–dependent
regulation of DAPK and KLF4
potentiates CRC local invasion and
metastasis in an orthotopic mouse
model. A, liver metastasis and
histologic analysis of liver from
mice at 8 weeks after implantation
of indicated tumor cell lines. The
metastatic nodules in liver are
indicated by arrows (top). The low-
magnitude view shows the size of
nodules (middle), whereas the
high-magnitude image reveals the
histologic characters of tumor cells
(bottom). M, Metastatic nodules; L,
Liver. Bars, 1 mm (middle) and 200
mm (bottom). B, the numbers of
metastatic nodules in liver per
mouse. C, primary tumors derived
from indicated cells at 8 weeks
after implantation. Average tumor
weight is indicated on the right. D,
quantitative data of Ki-67 (left) and
CD31 (right) staining of primary
tumors derived from indicated
cells. E, the percentage of mice
showing local invasion and
histologic analysis of tissues
adjacent to primary tumors at 4
weeks after orthotopic
implantation. The miR-103/107–
bearing tumor showed tumor cells
invasion through muscle layers
(arrows) and vascular invasion
(dashed circle). T, tumor. Bar, 200
mm. All numerical data are mean �
SD. ���, P < 0.0005, n ¼ 6.

Chen et al.

Cancer Res; 72(14) July 15, 2012 Cancer Research3638

on April 28, 2014. © 2012 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst May 16, 2012; DOI: 10.1158/0008-5472.CAN-12-0667 

http://cancerres.aacrjournals.org/


primary tumors at 4 weeks after implantation revealed that
miR-103/107–expressing cells generated tumors with high
local invasion capability, whereas tumors derived from
parental HCT116 cells did not show sign of invasion
(Fig. 5E). The miR-103/107–stimulated local invasion was
suppressed by reexpression of DAPK or KLF4. These data
indicate that miR-103/107 target DAPK and KLF4 to poten-
tiate CRC liver metastasis and this activity is mediated at
least in part through the stimulation of local invasion.
To determine whether miR-103/107–induced downregu-

lation of DAPK and KLF4 also influenced on later steps of the
metastasis process, the aforementioned HT29 derivatives
(see Fig. 3A) were injected directly into circulation of mice,
thereby circumventing local invasion and intravasation.
Remarkably, while miR-103/107–bearing cells developed
lung metastases as early as 3 to 4 weeks after injection,
control cells or cells coexpressing miR-103/107 together with

DAPK or KLF4 did not generate lung metastasis even at
7 weeks after injection (Fig. 6A and B). Bioluminescence
imaging analysis at 2 hours after injection revealed that the 4
groups of cells displayed comparable ability to arrive lung
vasculature (Fig. 6C). However, at 5 days after injection,
while the miR-103/107–bearing cells could still be detected
in the lung, the other 3 groups did not show biolumines-
cence signal, suggesting their inability to persist in the lung.
These data support that miR-103/107–mediated repression
of DAPK and KLF4 promotes CRC colonization at metastatic
sites.

Discussion
We identify miR-103/107 as prometastatic miRNAs in

CRC and negative regulators of 2 metastasis suppressors,
DAPK and KLF4. Through concurrent repression of DAPK

Figure 6. miR-103/107–dependent
regulation of DAPK and KLF4
potentiates colonization of CRC
cells in metastatic site. A,
bioluminescence analysis and
quantification of lung metastasis.
Representative images at week 7
(top) and the kinetic of metastasis at
indicated time points (bottom) after
injection are shown. B, lung
metastatic nodules (top) and
histologic analysis of lung (bottom)
at week 7. Metastatic nodules are
indicated by arrows (top) and "M"
(middle, bottom). Bars, 1 mm (top);
200 mm (middle, bottom). C,
bioluminescence analysis of
kinetics of metastasis of indicated
cells. Data are mean � SD. n ¼ 6
(A and B) and n ¼ 4 (C).
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and KLF4, miR-103/107 inactivate integrin b1 to promote
cell–matrix interaction and downregulate E-cadherin/
claudin-3/occludin to diminish cell–cell adhesion, which
could act in concert to increase cell motility. Although
downregulation of E-cadherin, claudin-3, and occludin is
insufficient to induce EMT in vitro, it likely sensitizes tumor
cells to EMT-inducing signals arising from tumor micro-
environments, thereby promoting local invasion in vivo.
In addition, the suppression of DAPK is expected to faci-
litate evasion of apoptosis or anoikis during several steps
of metastatic progression. Thus, the concomitant repres-
sion of DAPK and KLF4 by miR-103/107 could potentiate
metastasis by regulating multiple stages of the invasion-
metastasis cascade. In support of this notion, miR-103/107
overexpression increases local invasion and liver meta-
stasis in a CRC orthotopic model as well as colonization
in the distant metastatic site in an experimental metastasis
model. More importantly, all of these effects are reversed
at least partially by reexpression of DAPK or KLF4. Our
study thus indicates a critical and pleiotropic role of miR-
103/107–dependent repression of DAPK and KLF4 in CRC
metastasis.

The induction of miR-103/107 and concomitant down-
regulation of DAPK and KLF4 in hypoxia further highlights
the importance of this regulatory circuit in tumor progres-
sion. Because hypoxia is a potent inducer of tumor meta-
stasis, the induction of prometastatic miR-103/107 and
suppression of antimetastatic DAPK and KLF4 may be part
of the metastasis program elicited by hypoxic tumor micro-
environments. In line with this notion, we show that miR-
103/107–dependent modulation of DAPK and KLF4 contri-
butes in part to hypoxia-stimulated motility and invasion.
The frequent upregulation of HIF-1 in tumors may account
for one mechanism underlying miR-103/107 overexpression
in CRC. Importantly, this miR-103/107 upregulation cor-
relates with DAPK and KLF4 downregulation and the con-
current miR-103/107 upregulation and DAPK and KLF4
downregulation correlates with lymph node and distant
metastasis, metastatic recurrence, and poor overall survival.
Thus, our findings underscore the clinical relevance and
prognostic significance of miR-103/107–dependent DAPK/
KLF4 regulation in CRC.

Hypermethylation of the DAPK promoter has been a major
mechanism for DAPK downregulation in many types of
human tumors (7). In CRC, however, conflicting results have
been reported for the frequency of DAPK promoter methyl-
ation (36–38). Our previous study identified a tyrosine
phosphorylation mechanism for DAPK inactivation, which
is detected in a small portion of patients with CRC (39). In
this study, our findings of miR-103/107–dependent DAPK
downregulation and its correlation with CRC progression
suggest this miRNA-mediated posttranscriptional regulation
as a novel mechanism for suppressing DAPK in tumors.
Similar to DAPK, KLF4 downregulation has been found in
CRC. In addition to hypermethylation and loss of heterozy-
gosity of the KLF4 gene in CRC reported previously (10, 12),
our study suggests miRNA-mediated modulation as an addi-
tional mechanism for KLF4 downregulation in CRC. Of note,

besides miR-103/107, a recent study indicates that KLF4
is targeted by miR-10b to foster the migration and invasion
of esophageal cancer cells (40). Nevertheless, KLF4 also
possesses context-dependent oncogenic roles in certain
tissues (41) and its expression correlates with B lymphoma
Mo-MLV insertion region 1 homolog (BMI)-1–induced pro-
liferation of endometrial cancer cells (42).

miRNAs possess the capacity to coordinately repress a
cohort of RNAs by targeting their 30-UTRs. Given that these
targets can also be regulated by other mechanisms, it is
conceivable to observe a tissue-specific or context-specific
effect of miRNA. In line with this notion, miR-103/107 promote
EMT in breast epithelial cells by repressing Dicer (23). This
EMT effect, however, was not observed in multiple CRC cell
lines in our study. In CRC, Dicer expression correlates with
tumor progression and poor prognosis (24, 25), suggesting a
tumor-promoting rather than tumor-suppressive role. Thus,
the discrepancy of the effect of miR-103/107 on EMT in breast
cancer and CRC might be attributed to a tissue-specific effect
of Dicer. Likewise, a recent study reported that miR-107
potentiates tumor growth of breast cancer cells (43), which
is in contrast to our finding that miR-103/107 fail to affect
tumor growth. Despite the differences in tumor-promoting
mechanisms, the capabilities ofmiR-103/107 to act on different
tumor suppressors and to influence on distinct aspects of
tumor progression in different cancer types underscore their
functions as "oncomirs"
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