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Abstract
DC-SIGN is previously focused on its physiologic and pathophysiologic roles in immune cells. Little is known about
whether DC-SIGN is expressed in malignant epithelial cells and how DC-SIGN participates in tumor progression. Here we
showed that DC-SIGN expression was increased in metastatic colorectal cancer (CRC) cell lines and patient tissues. The
overall survival in CRC patients with positive DC-SIGN was remarkably reduced. Gain of DC-SIGN function facilitated the
CRC metastases both in vitro and in vivo, and this effect was reversed by miR-185. DC-SIGN and Lyn interacted physically,
and Lyn maintained the stability of DC-SIGN in cells. DC-SIGN activation recruited Lyn and p85 to form the DC-SIGN-
Lyn-p85 complex, which promoted CRC metastasis by increasing PI3K/Akt/β-catenin signaling in tyrosine kinase Lyn-
dependent manner. Furthermore, activation of DC-SIGN promoted the transcription of MMP-9 and VEGF by increasing
PI3K/Akt/β-catenin signaling, and induced TCF1/LEF1-mediated suppression of miR-185. Our findings reveal the presence
of the DC-SIGN–TCF1/LEF1–miR-185 loop in cancer cells with metastatic traits, implying that it may represent a new
pathogenic mechanism of CRC metastasis. This character of the loop promises to provide new targets for blocking CRC
invasive and metastatic activity.

Introduction

Metastasis, one of the ten cancer hallmarks, is the major
cause of colorectal cancer (CRC)-associated mortality [1].
Over 50% of patients with CRC develop metastases during

the course of the disease [2]. The metastatic cascade com-
prises a series of steps to accomplish invasion, migration,
dissemination, and colonization of target organs [3]. How-
ever, our understanding of the exact molecular mechanisms
underlying CRC metastasis remains incomplete.

Growing evidence suggests the potential correlation
between C-type lectin receptors and carcinogenesis [4–6].
DC-SIGN, also known as C-type lectins domain family 4
member L, is highly expressed on immature dendritic cells
(DCs) [7, 8], and found at medium levels on macrophages
and epithelial cells [9–11]. The majority of previous studies
about DC-SIGN focused on its physiologic and pathophy-
siologic roles in immune cells [8, 12, 13]. Immature DC-
SIGN+ DCs located intratumorally within CRC lead to
immune escape of tumor cells by suppressing immature DCs
maturation [14]. Although immature DCs play a pivotal role
in escaping immunosurveillance, they account for only a very
small fraction of all cells in CRC tissue [15, 16]. However,
our previous results showed that DC-SIGN levels in tissues
dramatically increased in the early stage of CRC patients. In
addition, the staining of DC-SIGN in CRC tissues appears
flaky rather than spotty, suggesting that the stained cells were
probably not all immune cells [17]. We thus assumed that
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CRC cells may also express DC-SIGN. We have also pre-
viously reported that DC-SIGN family members, LSECtin
and DC-SIGNR, promoted gastric and colon cancer liver
metastasis [18–20]. Indeed, recent studies have verified that
DC-SIGNR and LSECtin are expressed in cancer cells, con-
tributing to tumor development and progression [18, 21]. DC-
SIGN is located in glycolipid-enriched membrane domains,
which are the specific areas in the plasma membrane signaling
platforms, and is associated with Lyn in myeloid cells [22].
Lyn is an important member of the Src family kinases and
originally characterized in hematopoietic tissues as an essen-
tial kinase required for signaling. Recent studies showed that
aberrant activation of Lyn is involved in CRC [23]. Thus, it is
not of a surprise that DC-SIGN may also be involved in tumor
progression. However, whether CRC cells express DC-SIGN
and how DC-SIGN participates in CRC progression remain
largely unknown.

miRNAs are important regulators in tumor progression
and metastasis [24]. According to the datasets, we noticed
that miR-185 is frequently downregulated in CRC and
appears to be a promising biomarker [25]. miR-185 is
involved in the suppression of the malignant process,
especially tumor metastasis [26, 27]. Several studies have
documented that miRNAs frequently form feedback loops
since they themselves are regulated by transcription factors
that may, in turn, target directly or indirectly [28, 29].
Recently, some miRNAs have been shown to be directly
regulated by the β-catenin/TCF/LEF1 transcription factor
complex [30, 31], suggesting miRNAs as a new class of
Wnt effector that significantly contributes to the regulatory
role of Wnt/β-catenin signaling.

Here we present evidence that the DC-SIGN–LEF1/
TCF1–miR-185 feedback loop in CRC cells contributes to
cancer progression. This loop is established by β-catenin/
TCF1/LEF1-mediated repression of miR-185 and upregu-
lation of DC-SIGN, which promotes and maintains inva-
siveness and metastasis in CRC.

Results

DC-SIGN is frequently upregulated and its positive
expression is associated with poor prognosis in CRC

To investigate the roles of DC-SIGN in CRC, we first
identified DC-SIGN expression in different cell lines. By
PCR, western blot, and flow cytometry analyses, we found
that DC-SIGN displayed different expression levels in a
variety of epithelial cancer cells, and its expression levels in
CRC cells LoVo and HCT116 are higher than any other cell
lines (Fig. 1a–c). DNA sequencing of the PCR products
from LoVo cells further validated the DC-SIGN expression,
and was identical with the DC-SIGN sequence in GenBank

NM_021155 (Fig. 1a). Confocal assay not only indicated
that DC-SIGN costained with CEA, a marker of CRC cells,
but also confirmed the surface expression of DC-SIGN in
CRC cells (Fig. 1d). Importantly, strong DC-SIGN
expression was detected in human CRC tissues. The fact
that CRC tissues often contain infiltrated DCs that expres-
sed DC-SIGN implies a possibility that the DC-SIGN-
expressing cells are DCs in the CRC tissues. However,
immunohistochemistry (IHC) double staining demonstrated
that a large portion of DC-SIGN-positive cells costained
with cytokine 20 or CD11c, which are the two markers of
CRC cell and DCs, respectively, indicating that DC-SIGN
does not only express on infiltrated DCs of mesenchyme but
also on CRC cells (Fig. 1e).

More importantly, DC-SIGN expression in CRC tissues
with metastasis were higher than those without metastasis
(Fig. 1f). In addition to the form found on the membrane
surface, a soluble form of DC-SIGN (sDC-SIGN) has been
previously reported [32]. By ELISA analysis, we detected a
significantly higher concentration of sDC-SIGN in CRC
patients with distant metastasis than those only with non-
metastatic patients (Fig. 1g). ROC curves indicated that DC-
SIGN had good diagnostic accuracy for metastatic CRC
(mCRC), and the optimal cutoff was 0.3004 μg/ml (Sup-
plementary Fig. S1a). Moreover, sDC-SIGN had greater
diagnostic efficacy than CEA in patients with mCRC
(Supplementary Fig. S1b, c). Of note, tissue expression of
DC-SIGN was positively correlated with sDC-SIGN
expression (Fig. 1h). DC-SIGN-positive expression in
CRC tissues was significantly associated with a more
aggressive tumor phenotype (Supplementary Table S1).
Furthermore, the patients with positive DC-SIGN had
shorter overall and metastasis-free survival (Fig. 1i). DC-
SIGN expression, as well as metastasis and TNM stage,
were independent prognostic factors for the survival of
CRC patients (Supplementary Table S2). These results
suggest that DC-SIGN is expressed in CRC cells, and its
expression levels predict poor prognosis in mCRC patients.

We also analyzed the genomic alterations of DC-SIGN
gene in 276 CRC cases from The Cancer Genome Atlas
project reported previously [33]. In total, 4 of 276 cases were
found to carry missense mutations (G55E, E93D, and A283T)
and a truncating mutation (X36_splice), and another two
cases had DNA copy number amplification (Supplementary
Fig. S2a and Supplementary Table S3). The three missense
mutations showed little effect on DC-SIGN protein levels or
DC-SIGN/Lyn interactions (Supplementary Fig. S2b).

DC-SIGN silencing inhibits CRC-cell growth and
metastasis in vitro and in vivo

To investigate whether DC-SIGN is involved in CRC pro-
gression, two DC-SIGN shRNAs (DC-SIGN shRNAs 1 and
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Fig. 1 DC-SIGN is frequently upregulated and its positive expression
is associated with poor prognosis in CRC. a Transcripts expression of
DC-SIGN in various human cancer and normal cell lines was detected
by standard PCR (upper panel). The PCR products from LoVo cells
were confirmed by sequencing (lower panel). b Expression of DC-
SIGN protein in human CRC. HEK293 transfected with DC-SIGN
vector, rhDC-SIGN-Fc, and lymph node lysates were used as positive
controls. c Cell surface expression of DC-SIGN in colon cancer cell
lines was examined by flow cytometry. Numbers listed were percen-
tage of positive cells. Thick line, DC-SIGN; Thin line, isotype control.

d Confocal microscopy to determine colocalization of DC-SIGN and
CEA in colon cancer cells. e IHC staining of DC-SIGN and CD11c or
cytokine 20 coexpression in CRC tissue. f Images shown are repre-
sentative of DC-SIGN staining in primary (pCRC) and metastatic CRC
(mCRC). Para, paracarcinoma; LNM, lymph node metastasis; DM,
distant metastasis. g Soluble DC-SIGN (sDC-SIGN) levels in serum
derived from CRC patients. h The correlation between the tissue and
serum DC-SIGN expression in matched CRC patients. i Kaplan–Meier
analysis of the overall survival and metastasis-free survival of CRC
patients. Data, mean ± SD. **P < 0.01
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2) were designed to silence DC-SIGN expression via len-
tivector transduction (Supplementary Fig. S3a, b), both of
which efficiently inhibited DC-SIGN expression in LoVo
and HCT116 cells (Supplementary Fig. S3c). Methyl-
thiazolyltetrazolium (MTT) and colony formation assays
revealed the proliferation-repressing function of DC-SIGN
knockdown in CRC cells (Fig. 2a and Supplementary
Fig. S3d). Furthermore, in vivo analysis showed that
silencing of DC-SIGN in CRC cells caused dramatic
reductions in tumor weight and volume in nude mice. Such
effect was further confirmed by measuring the expression of
Ki-67 and PCNA (Fig. 2b). Transwell and wound-healing
assays demonstrated that silencing of DC-SIGN markedly
decreased the migratory and invasive potential of tumor
cells (Fig. 2c and Supplementary Fig. S3e). In addition, we
injected stable CRC cells into the distal tip of the spleen and
examined tumor metastasis in vivo by monitoring GFP
fluorescent intensity, and found that fluorescence tumor
signal was decreased in mice bearing DC-SIGN-depleted
tumor cells (Fig. 2d, e, upper panel). After the killing of
mice, we noticed that metastatic lesions detected micro-
scopically were fewer and smaller in the livers and lungs of
nude mice inoculated with CRC cells transfected with DC-
SIGN shRNA compared with control (Fig. 2e, lower panel).
IHC staining results further confirmed that the metastatic
lesions had replaced large areas of liver and lung par-
enchyma (Supplementary Fig. S4). Together, these results
suggest that DC-SIGN can significantly promote cell
growth and metastasis in vitro and in vivo.

miR-185 suppresses MMP-9 and VEGF expression
and metastatic potential of CRC cells by targeting
DC-SIGN

miRNAs are important regulators of cancer. To investigate
whether miRNA participates in the regulation of DC-SIGN
expression, we used five independent databases to predict
miRNAs that may be involved (Fig. 3a). miR-185 was
identified as an ideal miRNA with the highest prediction
score and was highly conserved in mammals (Supplemen-
tary Table S4 and Fig. 5a). The miR-185 binding sites were
located in ‘unstable’ regions with multibranching loops of
DC-SIGN mRNA (Supplementary Fig. S5b) [34]. There-
fore, we examined the levels of miR-185 and DC-SIGN in
several CRC-cell lines by qPCR (Fig. 3b), and found that
the endogenous DC-SIGN and miR-185 levels were
inversely correlated (Supplementary Fig. S5c). Moreover,
cotransfection of miR-185 markedly decreased DC-SIGN-
WT 3′-UTR luciferase activity (Fig. 3c). miR-185-induced
downregulation of DC-SIGN in LoVo cells was rescued by
re-expression of DC-SIGN, and that upregulation of DC-
SIGN in HCT116 cells by miR-185 inhibitor was partially
reversed by silencing DC-SIGN (Supplementary Fig. S5d).

Transwell, wound-healing, MTT, and colony formation
assays all indicated that miR-185 inhibitor could function-
ally restore metastatic capacity and proliferation activity of
DC-SIGN silence-suppressed HCT116 cells (Fig. 3d and
Supplementary Fig. S6). Furthermore, in vivo analysis
demonstrated that the number of metastatic nodules in the
liver and lung were decreased after being inoculated with
the DC-SIGN-silenced HCT116 cells, and were largely
restored by miR-185 inhibitor (Fig. 3e). In addition, we
performed fluorescence in situ hybridization for analyzing
the expression of DC-SIGN and miR-185 in CRC tissues.
Compared to normal tissues, the miR-185 levels were sig-
nificantly reduced in matched CRC tissues (Fig. 3f). The
low miR-185 expression levels were associated with CRC
metastasis (Fig. 3g). Notably, the patients with both low
miR-185 expression and high DC-SIGN expression had a
shorter overall 5-year survival time than all other combined
status patients (Fig. 3h).

To facilitate a metastasis, tumor cells must complete a
multistep progression through producing cell-adhesion
molecules, matrix degradation enzymes, and vascular
growth factors [35]. Among these metastasis-associated
molecules, the mRNA and protein levels of MMP-9 and
VEGF were significantly decreased in DC-SIGN-depleted
LoVo cells (Fig. 3i, j). Functional studies also exhibited that
miR-185 downregulation abrogated the changes in the
gelatin zymography and tube formation of tumor cells
induced by DC-SIGN knockdown (Fig. 3k, l). In addition,
miR-185 restoration could reverse DC-SIGN protein levels
and the downstream molecular changes induced by DC-
SIGN-WT (Supplementary Fig. S7a). Ectopic DC-SIGN
expression totally rescued the invasion and migration of
LoVo cells from miR-185-mediated suppression (Supple-
mentary Fig. S7b). Together, these results suggest that miR-
185 is a critical upstream mediator of DC-SIGN promoting
CRC metastasis.

miR-185/DC-SIGN signaling blocks β-catenin
translocation through the PI3K/Akt/GSK-3β pathway

We next evaluated how miR-185/DC-SIGN signaling
modulated CRC metastasis. By using a human phosphoki-
nase antibody array, we screened twelve differentially
regulated signaling molecules in DC-SIGN-depleted LoVo
cells, among which phospho-Akt (T308), phospho-GSK-
3α/β (S21/S9), and β-catenin levels were significantly
decreased (Fig. 4a). Because previous research indicated
that DC-SIGN-mediated signaling involved tyrosine phos-
phorylation [12], we determined whether DC-SIGN acti-
vation in the CRC cell led to tyrosine-dependent signaling.
The antibody B-2, which recognizes an epitope in the stalk
of the DC-SIGN extracellular domain, can effectively acti-
vate DC-SIGN (Supplementary Fig. S8a). Stimulation with
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DC-SIGN agonistic antibody increased levels of phospho-
Akt/GSK-3β and β-catenin in LoVo cells, and this effect
was reversed by PI3K inhibitor LY294002 (Fig. 4b, left
panel). In addition, in vivo analysis revealed that silencing
of DC-SIGN could inactivate PI3K/Akt/GSK-3β/β-catenin
signaling and reduce MMP-9 and VEGF expression
(Fig. 4b, right panel). Transwell assay demonstrated that
administration of LY294002 dramatically repressed

DC-SIGN mAb-induced tumor migration and invasion
in vitro (Fig. 4c). Because previous studies indicated that
Akt and ERK can phosphorylate GSK-3β, resulting in
decreased stability and expression of β-catenin [36–38]. By
blocking protein synthesis with cycloheximide, we found
that LY294002 abolished the increased mRNA level and
protein stability of β-catenin in DC-SIGN-agonistic LoVo
cells (Fig. 4d). However, administration of ERK inhibitor

Fig. 2 DC-SIGN silencing inhibits the growth and metastasis of CRC
cells in vitro and in vivo. a Stable CRC cells expressing control
shRNA or DC-SIGN shRNA were applied to colony formation ana-
lysis. b Growth of subcutaneous xenografts from DC-SIGN shRNA
and control cells. c Representative images of LoVo and HCT116
migration and invasion of cells on the membrane. d Fluorescence
analysis of the kinetics of metastases of the indicated cells (left panel).

The spleens, livers, and lungs were examined at the gross anatomical
level for tumors and metastases (middle panel). Representative H&E
staining showing metastatic nodules (right panel). T, tumor. e Fluor-
escent intensity and quantitation of micrometastases per liver and lung
as assessed. Data, mean ± SD. *P < 0.05, **P < 0.01. N.D., not
determined

DC-SIGN–LEF1/TCF1–miR-185 feedback loop promotes colorectal cancer invasion and. . . 383



384 M. Yuan et al.



U1026 failed to block DC-SIGN mAb-mediated β-catenin,
MMP-9, and VEGF upregulation (Supplementary
Fig. S8b). These results suggest that PI3K/Akt signaling
activation is critical for DC-SIGN-induced cell metastasis in
CRC.

Although β-catenin contains no DNA-binding domain, it
can directly impact gene expression if it translocates to the
nucleus and is recruited to chromatin via interaction with
DNA-binding TCF/LEF family proteins [39]. Analysis of
the transcription factor-binding profiles identified that,
within −2000–0 bp of MMP-9 and VEGF promotors con-
tain specific binding sites of TCF/LEF1 (Fig. 4e). Among a
series of transcription factors, DC-SIGN knockdown sig-
nificantly suppressed TCF1 and LEF1 expression (Fig. 4f,
g). We next transfected LoVo cells with TCF1 and/or
LEF1 siRNA, and found that stimulation with DC-SIGN
mAb cannot promote MMP-9 and VEGF expression
(Fig. 4h). Interestingly, β-catenin is redistributed to the
nucleus in ~78% of the cell population following DC-SIGN
mAb treatment, whereas upon treatment with LY294002 or
transfection with miR-185, the nuclear distribution of β-
catenin significantly decreased (Fig. 4i). Furthermore,
LY294002 suppressed the β-catenin/TCF/LEF-dependent
promoter activity during DC-SIGN mAb stimulation
(Fig. 4j). These results suggest that miR-185/DC-SIGN
signaling suppresses β-catenin translocation of CRC cells
through inactivating the PI3K/Akt/GSK-3β pathway.

DC-SIGN promotes CRC metastasis through PI3K/
Akt/β-catenin activation in tyrosine kinase
Lyn–dependent manner

Previous research indicated that DC-SIGN in DCs copre-
cipitates with the tyrosine kinases Lyn [22]. Similarly, Lyn

was found to interact with endogenous DC-SIGN in LoVo
cells (Fig. 5a). The mRNA and protein levels of Lyn were
much higher in LoVo and HCT116 cells (Fig. 5a and
Supplementary Fig. S9a). In addition, stimulation with DC-
SIGN mAb increased Lyn tyrosine phosphorylation,
whereas DC-SIGN knockdown abrogated Lyn activation
(Fig. 5b). Functional studies also exhibited that activation of
DC-SIGN signaling promoted the migration and invasion in
LoVo cells, and the promotive effect was abolished by Lyn
inhibitor PP2 (Fig. 5c, left panel). Inhibition of Lyn blocked
DC-SIGN mAb-mediated phospho-Akt/GSK-3β upregula-
tion as well as the increase in MMP-9 and VEGF expression
(Fig. 5d). Cotransfection of DC-SIGN and Lyn in
LS174T cells induced a more significant promotive effect
on tumor migration and invasion compared with transfec-
tion with Lyn or DC-SIGN alone (Fig. 5c, right panel).

We then evaluated whether and how DC-SIGN and Lyn
were coordinately expressed in CRC. Lyn knockdown or
overexpression could significantly affect the protein
expression of DC-SIGN (Fig. 5e, f), but had little effect on
the mRNA levels (Supplementary Fig. S9b). Indeed,
cotransfection with Lyn promoted the protein stability of
exogenous DC-SIGN in LS174T cells (Fig. 5g). Further-
more, transfection of wild- or mutant-type DC-SIGN alone
exhibited faint expression, but cotransfection with Lyn
remarkably promoted the expression of wild-type DC-
SIGN, though not much effectively enhanced the protein
levels of Y/A and LL/AA–Y/A mutant (Fig. 5h). Because
previous reports indicated that DC-SIGN signaling
requires Src family kinases, and tyrosine residue and
dileucine motif in the DC-SIGN cytoplasmic tail are asso-
ciated with transmission of intracellular signals [12, 22], we
assumed that tyrosine residue and dileucine motif may be
required for Lyn to stimulate DC-SIGN expression. We
stimulated each of the transfected cells with DC-SIGN
mAb, and found that loss of signaling occurred exclusively
in LL/AA–Y/A mutant (Fig. 5i), which suggested a critical
function of the tyrosine residue and dileucine motif in the
DC-SIGN cytoplasmic tail for the transmission of intracel-
lular signals.

Lyn is reported to be able to regulate PI3K activity and
Akt activation through interaction with p85 [40]. We
examined whether PI3K was physically associated with Lyn
in the presence of DC-SIGN mAb stimulation, and found
that DC-SIGN coprecipitated preferentially with p85 and
Lyn. Likewise, DC-SIGN and p85 protein levels in the
immunoprecipitates of Lyn were also dramatically upregu-
lated following DC-SIGN mAb treatment (Supplementary
Fig. S9c). In addition, we examined whether Lyn is asso-
ciated with Akt, GSK3β, metastases-related TFs, and target
proteins to modulate their expression or activation. How-
ever, no interactions were found between Lyn and these
proteins (Supplementary Fig. S9d). These results suggest

Fig. 3 miR-185 suppresses MMP-9 and VEGF expression and meta-
static potential of CRC cells by targeting DC-SIGN. a Five indepen-
dent miRNA target databases were used to predict the potential
miRNAs. b Endogenous expressions of DC-SIGN and miR-185 in
various human CRC cells were detected by qPCR. c Luciferase
activity assay for targeting sequences of the 3′-UTR of DC-SIGN by
miR-185 in HEK293 and LoVo cells. d Cells were transfected as
indicated, and applied to transwell analysis. e The spleens, livers, and
lungs were examined for tumors and metastases of the indicated cells
(left panel). Quantitation of micrometastases per liver and lung as
assessed (right panel). f Representative images of fluorescent in situ
hybridization and immunofluorescence of miR-185 and DC-SIGN in
paired CRC tissues. Para, paracarcinoma. U6 snRNA was used as a
control. g Expression of miR-185 and U6 were semiquantitative by
ISH analysis. h Kaplan–Meier curves for all patients divided by
combination of miR-185 and DC-SIGN status. i Relative mRNA levels
of CRC metastasis-related genes in DC-SIGN-depleted LoVo cells. j
The lysates of stable LoVo and HCT116 cells were applied to western
blot. k Culture supernatants of CRC cells were applied to gelatin
zymography. l Representative images of stable LoVo and HCT116
tube formation of cells on the Matrigel. Data, mean ± SD. *P < 0.05,
**P < 0.01. N.S., nonsignificant
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that Lyn is certainly involved in mediating DC-SIGN acti-
vation to PI3K/Akt/β-catenin signaling.

β-catenin/TCF1/LEF1 directly suppresses miR-185
expression in CRC cells

Given that miR-185 is significantly downregulated in CRC,
we were interested to identify the molecular mechanisms

that regulate miR-185 expression. By RT-PCR analysis, we
found that the expression of miR-185 was markedly
increased in the metastasis model of DC-SIGN silencing
(Fig. 6a). Interestingly, DC-SIGN expression was induced
by DC-SIGN agonistic antibody and this expression could
be blocked by knockdown of TCF1/LEF1 and restoration of
miR-185 (Fig. 6b), indicating that TCF1/LEF1 regulates
DC-SIGN through miR-185. miR-185 expression decreased
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in a time-dependent manner in LoVo cells treated with DC-
SIGN mAb (Fig. 6c). Moreover, knockdown of TCF1/LEF1
prevented the repression of miR-185 after DC-SIGN mAb
treatment (Fig. 6d). Thus, we evaluated whether TCF1/
LEF1 could in turn target miR-185 directly during CRC
progression. The promoter region of miR-185 was predicted
to be chr22: 20018662-20020743 in the UCSC database,
and six potential TCF1/LEF1-binding sites were identified
by JASPAR (Fig. 6e, Supplementary Table S5). Truncation
mutations of these binding sites revealed that the locus of
−589 to −575 bp upstream of the transcriptional start site is
the major site for TCF1/LEF1 repression of miR-185 tran-
scriptional activity (Fig. 6f). We next performed chromatin
immunoprecipitation for endogenous TCF1/LEF1 in DC-
SIGN mAb agonistic LoVo cells, followed by qPCR ana-
lysis with various primer pairs covering different regions of
the miR-185 promoter (Fig. 6g, h). This experiment further
confirmed that TCF1/LEF1 binds to the same site of the
promoter of miR-185. Notably, TCF1/LEF1 binding were
only observed in cancer cells and not in their epithelial
counterparts (Supplementary Fig. S10). Together, these
results suggest that the DC-SIGN/TCF1/LEF1 pathway
suppresses miR-185 transcription in CRC cells.

The DC-SIGN–LEF1/TCF1–miR-185 feedback loop is
the characteristic of human CRC samples

To determine the clinical relevance of our observations, we
examined the expression of the DC-SIGN, LEF1, and TCF1
during progression of CRC (Fig. 6i). We found that elevated
DC-SIGN levels tended to increase the expression of LEF1

and TCF1 in CRC sections (Fig. 6j). Combined with the
previous data, we found that miR-185 levels and TCF1 or
LEF1 levels exhibited a strong negative correlation
(Fig. 6k), indicating that the reduced miR-185 expression
resulted at least partially from elevated TCF1 and LEF1
expression. In summary, these results strongly suggest that
the DC-SIGN–LEF1/TCF1–miR-185 feedback loop is
highly active in human CRC and promotes invasion and
metastasis.

Discussion

DC-SIGN was first cloned from a human placental cDNA
library and later found to be expressed on the surface of
both DCs and macrophages [8, 9]. In this study, we iden-
tified expression of DC-SIGN in CRC cells by using several
techniques. We surprisingly found that DC-SIGN was
highly expressed in CRC cells and frequently upregulated in
patients with CRC metastases. In addition, loss of DC-
SIGN inhibited malignant capacities of CRC cells by sup-
pressing invasion and migration, proliferation, and angio-
genesis. These data imply that DC-SIGN may play a critical
role in promoting CRC metastasis. It is consistent with
previous findings that related members of CD209 family
such as DC-SIGNR, LSECtin, and CD23 are expressed in
cancer cells, contributing to tumor progression [18, 21, 41].

The upregulation of DC-SIGN in CRC cells has rarely
been understood. In this study, the mechanism of DC-SIGN
upregulation in CRC was mainly elucidated in the following
two aspects. First, we found miR-185 targets DC-SIGN
mRNA by binding to the DC-SIGN 3′-UTR to down-
regulate DC-SIGN expression, which confirmed previous
findings that miR-185 regulates gene expression by initiat-
ing mRNA degradation and functions as a tumor suppressor
[26, 27]. We also found that the low miR-185 expression
level was associated with CRC metastasis. Furthermore,
miR-185 level was inversely correlated with DC-SIGN
level in both CRC cells and tissues. This might be a possible
explanation for the overexpression of DC-SIGN in CRC
cells. Second, our findings revealed Lyn could promote DC-
SIGN expression at posttranscriptional level. Considering
that Lyn is a classical receptor dependent protein [22, 42],
we hypothesizes that Lyn could interact with endogenous
DC-SIGN. This was supported by our results that Lyn and
DC-SIGN achieve coexpression in CRC cells through
forming a complex. In addition, overexpression of Lyn in
turn increased the protein level and stability of DC-SIGN.
Hence, these results at least partly explained why DC-SIGN
is upregulated in CRC.

The molecular mechanism of DC-SIGN in CRC metas-
tasis is poorly understood to date. In this study, we found
that DC-SIGN/Lyn signaling increased MMP-9 and VEGF

Fig. 4 miR-185/DC-SIGN signaling blocks β-catenin translocation
through the PI3K/Akt/GSK-3β pathway. a The lysates of stable LoVo
cells infected with Lenti-DC-SIGN shRNA or control were applied to
phosphokinase antibody array, and pixel densities of indicated proteins
were shown. b LoVo cells were treated with DC-SIGN agonistic
antibody (B-2, 10 μg/ml) for 15min and/or PI3K inhibitor (LY294002,
50 μM) for 24h, followed by western blot analysis (left panel). Stable
LoVo cells expressing control shRNA or DC-SIGN shRNA were
injected into the spleen. The lysates of spleen, lung, and liver tissues
were applied to western blot (right panel). c LoVo cells were treated
with DC-SIGN mAb and/or LY294002, and applied in transwell
analysis. d Total RNA was extracted and applied to qPCR (left panel),
or cells were further pulsed with CHX (20 μM) and applied to western
blot (right panel). e Two independent TFs target databases were used
to predict the potential TFs binding to promotors of MMP-9 and
VEGF. f Interference levels of indicated TFs were shown by qPCR. g
Cells were transfected as indicated, and lysates were applied to western
blot. h LoVo cells expressing control LEF1 and/or TCF1 siRNA were
treated with nonspecific IgG or DC-SIGN mAb. Then cell lysates were
applied in western blot analysis. i Immunofluorescent analysis of β-
catenin subcellular distribution in LoVo cells transfected with miR-
185 or control while being treated with DC-SIGN mAb and/or
LY294002 (left panel). Quantitation of β-catenin distribution (right
panel). j LoVo cells were treated as indicated, and applied to
luciferase-based β-catenin/TCF transcriptional activity assay (TOP-
flash/FOPflash). Data, mean ± SD. *P < 0.05, **P < 0.01
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expression in CRC by promoting PI3K/Akt activation and
nuclear translocation of β-catenin. Moreover, miR-185
expression was reduced following DC-SIGN agonistic
antibody treatment and that silencing TCF1/LEF1 could
abrogate this reduction. This was of particular interest to us
given that β-catenin/TCF1/LEF1 signaling, in addition to
being implicated in target gene, has been shown recently to
play a key role in the transcription of certain miRNA

[30, 31]. Here, we demonstrated that β-catenin/TCF1/LEF1
activation in CRC suppresses miR-185 transcription. We
also found DC-SIGN expression positively correlated with
TCF1/LEF1 expression but negatively correlated with miR-
185 expression in human CRC samples, which verified the
feedback loop between DC-SIGN, TCF1/LEF1, and miR-
185 interregulation. Notably, several known targets of the
components of the DC-SIGN–TCF1/LEF1–miR-185 loop
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might be important for CRC progression. Recent studies
showed that inhibition of GSK-3β activity induces DC-
SIGN expression [43], thereby providing additional feed-
back that may reinforce the loop. Others found that the
transcription of Wnt target gene c-myc [44], an miR-185
functional target [45], was increased by the activation of
DC-SIGN [46], suggesting another potential feedback loop
that may regulate CRC. Thus, further work is warranted to
elucidate this complex network.

Materials and methods

Clinical samples

With approval and support from the ethics committee of the
Second Affiliated Hospital of Dalian Medical University.
CRC tissues and serum were obtained from the Second
Affiliated Hospital of Dalian Medical University. The
diagnosis of colorectal carcinoma was confirmed by
pathologic examination. Informed consent was obtained
from all patients.

Cell culture and reagents

Human CRC (LS174T, HCT116, LoVo, SW620, SW480,
and HT29), gastric cancer (HGC-27 and BGC-823), breast
cancer (MCF-7), and HEK293 cell lines were purchased
from the Institute of Biochemistry and Cell Biology of the
Chinese Academy of Sciences (Shanghai, China), and
normal human intestinal epithelial cells were obtained from
the Xijing Hospital of Digestive Diseases (Xi'an, China).
Cells were cultured in RPMI 1640 Medium or Dulbecco’s

Modified Eagle’s Medium supplemented with 10% FBS
and 100 U/ml penicillin/streptomycin at 37 °C in a humi-
dified incubator containing 5% CO2. Recombinant human
DC-SIGN-Fc (Sino Biological) was dissolved in PBS con-
taining 0.1% BSA. Cells were stimulated with DC-SIGN
agonistic antibody (Santa Cruz) at a concentration of 10 μg/
ml or mouse immunoglobulin G (Proteintech). LY294002,
PP2, and U0126 were obtained from Selleck and used at a
final concentration of 50 μM. Cycloheximide (Sigma-
Aldrich) was dissolved in DMSO (100 mM stock solution)
and always used at a final concentration of 20 μM.

Plasmids construction, siRNA treatment, and
lentivirus transduction

DC-SIGN-Myc/His and Lyn-Flag expression plasmids were
produced based on the full coding sequence and synthesized
by GeneChem (Shanghai, China). The DC-SIGN LL-AA
and/or Y-A mutant was generated using the mutanBEST kit
(Takara) following the manufacturer’s instructions. The
lentiviral plasmids pGLV3 expressing miR-185, miR-185-
sponge inhibitor, or the negative control sequences were
purchased from GenePharma. The siRNAs specific for Lyn,
LEF1 or TCF1, and their control siRNA were purchased
from Santa Cruz. Transient transfections were carried out
using Lipofectamine 2000 (Invitrogen) following the man-
ufacturer’s protocol. For stably knocking down DC-SIGN,
cells were infected with DC-SIGN short hairpin RNA
(shRNA) lentiviral plasmids, and clones were selected with
2 mg/ml puromycin (Sigma-Aldrich).

Double-staining immunohistochemistry

Tissue samples were cut at a thickness of 4 μm, dewaxed in
xylene, and gradually rehydrated with gradient alcohol.
Antigen retrieval was performed by heating the slides in
0.01M citrate buffer (pH 6.0) for 30 min. Endogenous
phosphatase was blocked with 3% acetic acid, and the slides
were then incubated overnight at 4 °C with the primary
antibody (CD11c 1:100, Proteintech, CK20 1:100, Bio-
world). Following incubation with the primary antibody, the
sections were treated for 20 min with 3% hydrogen per-
oxide. Then, the slides were incubated with an alkaline
phosphatase-conjugated goat anti-mouse antibody (1:800,
ZSGB-Bio, China) for 1 h at room temperature (RT), and 5-
bromo-4-chloro-3-indolyl phosphate and nitro blue tetra-
zolium were used for color development. The slides were
next incubated overnight at 4 °C with a rabbit anti-human
DC-SIGN antibody (1:150, Abcam) and a horseradish
peroxidase-conjugated goat anti-rabbit antibody (1:800,
ZSGB-Bio) for 1 h, followed by incubation with 3,3-dia-
minobenzidine and H2O2, at RT. Visualization and photo-
graphy were performed using a Leica DM4000B

Fig. 5 DC-SIGN promotes the CRC metastasis through PI3K/Akt/β-
catenin activation in tyrosine kinase Lyn-dependent manner. a The
expression profiles of Lyn in CRC cells were shown in upper panel,
and immunoprecipitation using Lyn antibody was performed in LoVo
cell lysates (lower panel). b Stable LoVo cells treated with nonspecific
IgG or DC-SIGN mAb (B-2, 10 μg/ml) were collected, lysed, and cell
lysates were applied to immunoprecipitation with Lyn antibody. c
LoVo cells treated with DC-SIGN mAb and/or PP2 (50 μM, left panel)
and LS174T cells infected with DC-SIGN and/or Lyn vectors (right
panel), and applied in transwell analysis. d LoVo cells were treated
with DC-SIGN mAb and/or PP2. Then cell lysates were applied in
western blot analysis. e LoVo and HCT116 cells were transiently
transfected scramble or Lyn siRNA, and lysates were applied to
western blot. f LS174T cells were transfected with vector, Lyn, or DC-
SIGN construct, and lysates were applied to western blot. g
LS174T cells were transfected as indicated, pulsed with cycloheximide
(CHX, 20 μM), and applied to western blot. h Amino acid sequence
alignment of the cytoplasmic domain of WT and mutant DC-SIGN
proteins (upper panel). Red letters identify amino acid substitutions.
LS174T cells were transfected with constructs as indicated, followed
by western blot (lower panel). i After transfection, cells were treated
with DC-SIGN mAb, and lysates were applied to western blot. Data,
mean ± SD. *P < 0.05, **P < 0.01. N.S., nonsignificant
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Fig. 6 β-catenin/TCF1/LEF1 directly suppresses miR-185 expression
in CRC cells. a Stable LoVo cells expressing control shRNA or DC-
SIGN shRNA were injected into the spleen. Then total RNA of spleen,
lung, and liver tissues was extracted and applied to qPCR. b Cells were
transfected as indicated and treated with DC-SIGN mAb (B-2, 10 μg/
ml), followed by western blot. c Cells were treated with DC-SIGN
mAb, and expression of miR-185 was examined using qPCR. d Cells
infected with LEF1 and/or TCF1 siRNA were treated with DC-SIGN
mAb, and total RNA was extracted and applied to qPCR. e Schematic
presentation of the genomic localization of the human miR-185 gene
and its promoter region. f Serially truncated miR-185 promoter con-
structs were cloned to pGL3-luciferase reporter plasmids and trans-
fected into LoVo cells. Cells were treated with DC-SIGN mAb, and
applied in luciferase activities analysis. g Chromatin of LoVo cells

cultured in the absence and presence of DC-SIGN mAb was subjected
to chromatin immunoprecipitation with antibodies against LEF1 or
TCF1 followed by PCR analysis using primers amplifying different
regions of the miR-185 promoter indicated in d. M, DL1000 Marker. h
qPCR of the ChIP products validated the binding capacity of LEF1
and TCF1 to the miR-185 promoter. i Representative images of IHC
staining for DC-SIGN, LEF1, and TCF1 in CRC tissue. j, k Corre-
lation between LEF1 or TCF1 expression and DC-SIGN (j) or miR-
185 (k) levels in CRC samples. Spearman correlation coefficient with
the respective significance is indicated. l Schematic representation of
the proposed roles of DC-SIGN–LEF1/TCF1–miR-185 feedback loop
in the of CRC progression. Data, mean ± SD. *P < 0.05, **P < 0.01.
N.S., nonsignificant
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microscope (Leica). The tissues were scored by counting
the number of cells with positive staining in 10 separate
fields at ×400 magnification.

Flow cytometry

Approximately 1 × 106 CRC cells were detached using
trypsin (HyClone), washed with cold PBS, and incubated
with APC anti-DC-SIGN monoclonal antibody (5 μl/test,
eBioscience; 5 μl/test, BioLegend) or matched APC isotype
control antibody for 2 h at 37 °C. Fluorescence was detected
in a NovoCyte Flow Cytometer (ACEA Biosciences) and
analyzed with a flow cytometry (NovoCyte; ACEA Bios-
ciences) equipped with a NovoExpress software.

Immunofluorescence and confocal microscopy
analyses

For double labeling immunofluorescence analyses, cells
were rinsed twice with cold PBS and fixed in 4% paraf-
ormaldehyde for 15 min at RT. The nonspecific sites were
blocked by incubation with 5% BSA in PBS for 30 min at
RT. Then, cells were incubated with a rabbit anti-human
CEA antibody (1:100, Bioworld) diluted in PBS for
overnight at 4 °C. After four washes in PBS, cells were
coincubated with secondary antibodies conjugated to
FITC (1:200, ZSGB-Bio) and anti-human DC-SIGN
antibody conjugated to APC (eBioscience) for 1 h at RT,
washed and mounted in vectashield containing DAPI
(Vector Laboratories). Confocal microscopy was per-
formed with a Leica TCS SP5II scanning confocal
microscope (Leica).

Enzyme-linked immunosorbent assay (ELISA)

The soluble form of DC-SIGN was quantified using an
ELISA according to the manufacturer’s recommendations.
Briefly, 96-well Nunc-Immuno microtiter plates with a
MaxiSorp surface (Thermo Scientific) were coated with
100 μl of a monoclonal antibody to DC-SIGN (1:4000,
Sigma-Aldrich) and incubated at 4 °C overnight. The
reaction was blocked with 1% bovine serum albumin for
1 h at 37 °C. The plates were incubated with anti-human
DC-SIGN antibody (1:2000, Abcam) for 2 h at 37 °C,
followed by the addition of 100 μl of a 1:2000 dilution of
streptavidin-horseradish peroxidase for 1 h. Color devel-
opment was achieved by adding 100 μl of 3,3,5,5-tetra-
methyl-benzidine as a substrate to each well. Sulfuric acid
(1 mol/L) was added to stop the reaction. The optical
density was measured at 450 nm and referenced to 570 nm
using a Multiskan FC multimode plate reader (Thermo
Scientific).

Immunoprecipitation and western blot

Immunoprecipitation assays were performed using the
Crosslink Magnetic IP/Co-IP Kit (Thermo Scientific). Cells
were solubilized with immunoprecipitation buffer, equal
amounts of protein were incubated with specific antibody
immobilized onto protein A/G magnetic beads overnight at
4 °C with gentle rotation. Beads were washed extensively
with immunoprecipitation lysis buffer, resuspended, and
eluted. Protein samples were subjected to SDS-PAGE fol-
lowed by western blot analysis.

For western blot assay, total protein was extracted from
the cultured cells using the total protein extraction kit
(KeyGene). The protein content was determined using the
bicinchoninic acid protein assay kit (Bio-Rad) with bovine
serum albumin as the standard. Proteins (30 μg) were
separated by 8–12% SDS–PAGE and transferred onto
nitrocellulose filter membranes (Life Science). After
blocking in 5% nonfat milk in Tris-buffered saline with
0.05% Tween-20, the membranes were probed with primary
antibodies overnight at 4 °C followed by washing and
incubation with horseradish peroxidase-conjugated sec-
ondary antibodies for 2 h at RT. Antigen-antibody com-
plexes were visualized using enhanced chemiluminescence
detection kit (Advansta) and image analyzer ImageQuant
LAS 500 (GE Healthcare).

Quantitative real-time PCR

Total RNA was extracted using TRIzol (Invitrogen). The
concentrations of RNA were determined using a NanoDrop
2000 (Thermo Scientific). For mRNA and miRNA analyses,
cDNA was generated from 2 μg total RNA per sample using
the PrimerScript RT Reagent Kit (Takara) and miRcute Plus
miRNA First-Strand cDNA Kit (TIANGEN), respectively.
qPCR primers were synthesized from Invitrogen, and the
reaction was performed using the SuperReal PreMix Plus
(SYBR Green, TIANGEN). For mature miRNA analyses,
qPCR was performed using the miRcute Plus miRNA
qPCR Kit (SYBR Green), and commercially available pri-
mers (TIANGEN). mRNA and miRNA expression were
normalized using detection of GAPDH and U6, respec-
tively. Each sample was run in triplicate to minimize
pipetting errors. All of the primers used are listed in Sup-
plementary Table S6.

Protein stability assay

To assess protein stability, cells were treated with cyclo-
heximide (20 μM) for the indicated times (2, 4, or 6 h). Cell
extracts were prepared, and the expression levels of the
indicated proteins were detected with western blot.

DC-SIGN–LEF1/TCF1–miR-185 feedback loop promotes colorectal cancer invasion and. . . 391



Cell proliferation assay

Cell proliferation was measured using an MTT assay
(Sigma-Aldrich). Cells were seeded at a density of 1 × 103

per well onto 96-well plates and cultured for 1, 2, 3, 4, or
5 days. Cells were then incubated with 20 μl of MTT (5 mg/
ml) for 4 h at 37 °C, and 150 μl of a 1:1 dimethyl sulfoxide/
methanol mixture was added to solubilize the crystals for
10 min at RT. The optical density was measured at 570 nm
with a reference filter of 655 nm using an xMark microplate
absorbance spectrophotometer (Bio-Rad).

Colony formation assay

For the colony formation assay, cells were seeded in 6-well
plates (2 × 103 cells) and cultured at 37 °C with 5% CO2

humidified air for 14 days. The colonies were stained with
0.5% crystal violet (1 mg/ml), and the colonies containing
more than 50 cells were counted. The experiment was
performed in triplicate and repeated 3 times, and the aver-
age was calculated.

Transwell and wound healing assays

Cell migration and invasion assays were performed using
chambers (8 μm pore size, Corning Costar). Briefly, 2 ×
104 LoVo and HCT116 cells in 200 μl of serum-free
RPMI 1640 medium were placed in the uncoated upper
chamber (migration assay) or the 1:2 diluted Matrigel-
coated (BD Biosciences) upper chamber (invasion assay).
The lower chamber was filled with 600 μl of complete
medium. After cells were incubated at 37 °C, cells
migrated to the bottom surface of the filter membrane
were stained with 0.5% crystal violet in methanol for 45
min. For scratch-wound migration assays, a scratch
wound was made using a pipette tip, and the wounds were
photographed under phase-contrast microscopy (Olym-
pus) at 0, 12, and 24 h. The percentage of healed area was
measured as a ratio of the occupied area to the total area
using ImageJ software (NIH Image). The assays
were conducted in triplicate in three independent
experiments.

Gelatin zymography

Sodium dodecyl sulfate polyacrylamide gels (10%) with
0.1% gelatin (Solarbo) were used to identify proteins with
gelatinolytic activity present in serum-free conditioned
media from stable LoVo and HCT116 cells. Equally
extracted proteins (40 μg) were determined by the Bradford
method, mixed with sample buffer, and loaded onto the
gels. After electrophoresis under nonreducing conditions at

120 V for 2 h, the gels were renatured for 1 h and then
incubated at 37 °C for 16 h in digestive buffer, stained with
0.5% Coomassie blue R-250, and destained for 6–24 h until
clear white band appeared on blue background. MMP-9
activity reflected by the white band was quantified by
ImageJ software (NIH Image).

Tube formation assays

Matrigel (BD Biosciences) was polymerized in a 48-well
plates for 30 min at 37 °C. Stable LoVo and HCT116 cells
(2 × 104) were suspended in conditioned medium and see-
ded on growth factor-reduced Matrigel. After 12 h of
incubation, tube-forming structures were analyzed by
counting the number of connecting branches.

Phospho-kinase antibody array

Human Phospho-Kinase Array Kit (R&D Systems) was
performed according to the manufacturer’s instructions.
The lysates of stable LoVo cells were diluted and
mixed with a cocktail of biotinylated detection antibodies
and incubated with the array. Then streptavidin-
horseradish peroxidase and chemiluminescent detection
reagents were added, and chemiluminescence was detec-
ted using image analyzer ImageQuant LAS 500 (GE
Healthcare).

In situ hybridization

We performed in situ hybridization using locked nucleic
acid (LNA)-modified DNA, which was 5′- and 3′-digox-
igenin labeled. The probe was used for the detection of
miR-185, U6 snRNA as the positive control, and a
scramble LNA probe as the negative control. All probes
were obtained from Exiqon. Hybridizations were per-
formed on 4 µm FFPE sections of tissue with primary or
distant metastases of CRC and matched paracarcinomas,
following the manufacturer’s protocol, with amendments
as follows: proteinase K (40 µg/ml) digestion for 30 min,
40 nM of hybridization probe, a hybridization temperature
of 64 °C (Tm-30 °C), and an overnight incubation with
TSA/Cy3 (Perkin Elmer) solution. For the cellular stain-
ing, an anti-DC-SIGN antibody was incubated with the
blocked cells for 2 h. Cells were then incubated with a
secondary antibody conjugated to FITC (ZSGB-Bio) for
1 h and mounted using DAPI (Vector Laboratories).
Fluorescence signals were detected and visualized at RT
using a Leica TCS SP5II scanning confocal microscope
(Leica). The tissues were scored by quantifying the
fluorescence density of 10 separate fields in the areas with
the highest intensity of fluorescence.
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Luciferase reporter assay

The DC-SIGN 3′-UTR was amplified by PCR and cloned
into a pmirGLO Dual-Luciferase miRNA Target Expression
Vector (Promega). The miR-185 mimics or negative con-
trols and the pmirGLO Dual-Luciferase 3′-UTR vector were
cotransfected into either HEK293 or LoVo cells using
Lipofectamine 2000 (Invitrogen). Cells were harvested and
lysed at 48 h posttransfection. The interactions between
miR-185 and DC-SIGN 3′-UTR were measured using a
Dual-Luciferase Reporter Assay System (Promega) in tri-
plicate. The firefly luciferase activity was normalized to that
of Renilla luciferase for each sample.

For TOPflash luciferase assay, 2 × 105 stable LoVo
cells infected with Lenti-DC-SIGN shRNA or control
were plated into one well from 24-well plates and then
transfected with 50 ng of the TCF optimal (TOP) or mutant
negative control (FOP) luciferase reporter, 10 ng of
the pRL-TK vector (Promega), and 50 ng of the expression
vector by using Lipofectamine 2000. Cells were
transfected as described above, and treated with DC-SIGN
mAb and/or LY294002. After 24 h, cells were lysed, and
the luciferase activities were detected and analyzed as
described above.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation was performed using an
EZ-Magna ChIP Assay Kit (Millipore) according to man-
ufacturer’s protocol. Briefly, cells were cross-linked with
1% formaldehyde for 10 min. Cells were then washed with
cold PBS, scraped, and collected on ice. Next, cells were
harvested, lysed, and sonicated. After centrifugation, the
supernatant was collected, and an equal amount of sonicated
DNA fragments was immunoprecipitated with antibodies
against TCF1, LEF1, or nonspecific IgG (Santa Cruz and
Cell Signaling) at 4 °C overnight. The antibody-protein-
DNA complexes were isolated by immunoprecipitation with
protein A/G magnetic beads. Following extensive washing,
bound DNA fragments were eluted and amplified by PCR.

Mouse xenograft and metastasis model

BALB/c athymic nude mice that were 4–6 weeks of age
were purchased from the Animal Center of Dalian Medical
University (Dalian, China). To evaluate the in vivo
tumorigenic effects, LoVo cells (2 × 106 cells in 0.2 ml PBS
per mouse) or HCT116 cells (5 × 106 cells in 0.2 ml PBS per
mouse) transfected with control or DC-SIGN shRNA were
subcutaneously injected into the flanks of the nude mice.
The caliper measurements were performed every 4 days and
the tumor volume (V) was calculated using the formula V=
(L ×W2)/2, where L is the longest diameter, and W is the

diameter perpendicular to L of the tumor. The tumor
volumes of the mice were recorded for 44 days, after which
the mice were euthanized.

The capacity for metastasis to the liver was determined
using a previously described method. Briefly, 5 × 106 of
HCT116 or LoVo cells that were transfected with lentiviral
vectors were injected into the spleens of the recipient mice.
The animals were killed after 5–6 weeks, and the spleens,
livers, lungs, and lymph nodes were dissected and embed-
ded in paraffin. The mean volumes of the tumors and the
numbers of metastases were calculated. The dissected
tumors were collected and prepared for RNA and protein
isolation and IHC staining. All of the animal experiments
were approved by the Animal Center of Dalian Medical
University in accordance with the national guidelines for the
care and use of laboratory animals.

Fluorescence imaging and analysis

The mice were anesthetized, and images were taken with
the mice in a supine position using the in vivo Imaging
System Fx Pro coupled with living Image acquisition and
analysis software (Kodak Inc.). With the aid of fluorescence
imaging techniques, the GFP protein can locate the tumor
region more precisely, allowing the growth of the tumor to
be monitored. For the FRI plots, photon flux was calculated
for each mouse by using a rectangular region of interest
encompassing the abdomen and thorax of the mouse.

Statistical analysis

All experiments were repeated for at least three times, and
the data are presented as mean ± SD. The statistical analyses
were performed using SPSS software 17.0 and GraphPad
Prism 5.0. The graphs were analyzed by either ANOVA
(multiple groups) or t tests (two groups). A P value of 0.05
or less was considered as statistically significant.

Acknowledgements This research was supported by grants from the
National Natural Science Foundation of China (31470800, 81372669,
and 31270867), and the Science and Technology Planning Project of
Liaoning Province, China (2012225020).

Author contributions SR, Yunfei Zuo, and MY are responsible for
study concept and design. MY, JZ, and WS are responsible for acqui-
sition of data, analysis and interpretation of data, and drafting of the
manuscript. XZ acquired and managed patients, JZ, KW, Yu Zhang, WS,
Yinan Zhang, JC, and HN provided technical and material support.
DF, Yunfei Zuo, and SR are responsible for study supervision. XS, DF,
and Yunfei Zuo are responsible for critical revision of the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

DC-SIGN–LEF1/TCF1–miR-185 feedback loop promotes colorectal cancer invasion and. . . 393



Publisher’s note: Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next gen-
eration. Cell. 2011;144:646–74.

2. Schmoll HJ, Van Cutsem E, Stein A, Valentini V, Glimelius B,
Haustermans K, et al. ESMO consensus guidelines for manage-
ment of patients with colon and rectal cancer. A personalized
approach to clinical decision making. Ann Oncol.
2012;23:2479–516.

3. Chambers AF, Groom AC, MacDonald IC. Dissemination and
growth of cancer cells in metastatic sites. Nat Rev Cancer.
2002;2:563–72.

4. Kutikhin AG, Yuzhalin AE. C-type lectin receptors and RIG-I-
like receptors: new points on the oncogenomics map. Cancer
Manag Res. 2012;4:39–53.

5. Tsunezumi J, Higashi S, Miyazaki K. Matrilysin (MMP-7) cleaves
C-type lectin domain family 3 member A (CLEC3A) on tumor
cell surface and modulates its cell adhesion activity. J Cell Bio-
chem. 2009;106:693–702.

6. Wang L, Yin J, Wang X, Shao M, Duan F, Wu W. et al. C-type
lectin-like receptor 2 suppresses AKT signaling and invasive
activities of gastric cancer cells by blocking expression of PI3K
subunits. Gastroenterology. 2016;150:1183–95.

7. Soilleux EJ, Barten R, Trowsdale J. Cutting edge: DC-SIGN; a
related gene, DC-SIGNR; and CD23 form a cluster on 19p13. J
Immunol. 2000;165:2937–42.

8. Geijtenbeek TB, Torensma R, van Vliet SJ, van Duijnhoven GC,
Adema GJ, van Kooyk Y, et al. Identification of DC-SIGN, a
novel dendritic cell-specific ICAM-3 receptor that supports pri-
mary immune responses. Cell. 2000;100:575–85.

9. Granelli-Piperno A, Pritsker A, Pack M, Shimeliovich I, Arrighi
JF, Park CG, et al. Dendritic cell-specific intercellular adhesion
molecule 3-grabbing nonintegrin/CD209 is abundant on macro-
phages in the normal human lymph node and is not required for
dendritic cell stimulation of the mixed leukocyte reaction. J
Immunol. 2005;175:4265–73.

10. Wu J, Lin K, Zeng J, Liu W, Yang F, Wang X, et al. Role of DC-
SIGN in Helicobacter pylori infection of gastrointestinal cells.
Front Biosci. 2014;19:825–34.

11. Zeng JQ, Xu CD, Zhou T, Wu J, Lin K, Liu W, et al. Enterocyte
dendritic cell-specific intercellular adhesion molecule-3-grabbing
non-integrin expression in inflammatory bowel disease. World J
Gastroenterol. 2015;21:187–95.

12. Hodges A, Sharrocks K, Edelmann M, Baban D, Moris A,
Schwartz O, et al. Activation of the lectin DC-SIGN induces an
immature dendritic cell phenotype triggering Rho-GTPase activity
required for HIV-1 replication. Nat Immunol. 2007;8:569–77.

13. Amin R, Mourcin F, Uhel F, Pangault C, Ruminy P, Dupré L,
et al. DC-SIGN-expressing macrophages trigger activation of
mannosylated IgM B-cell receptor in follicular lymphoma. Blood.
2015;126:1911–20.

14. van Gisbergen KP, Aarnoudse CA, Meijer GA, Geijtenbeek TB,
van Kooyk Y. Dendritic cells recognize tumor-specific glycosy-
lation of carcinoembryonic antigen on colorectal cancer cells
through dendritic cell-specific intercellular adhesion molecule-3-
grabbing nonintegrin. Cancer Res. 2005;65:5935–44.

15. Gulubova MV, Ananiev JR, Vlaykova TI, Yovchev Y, Tsoneva
V, Manolova IM, et al. Role of dendritic cells in progression and
clinical outcome of colon cancer. Int J Colorectal Dis.
2012;27:159–69.

16. Suzuki A, Masuda A, Nagata H, Kameoka S, Kikawada Y,
Yamakawa M, et al. Mature dendritic cells make clusters with
T cells in the invasive margin of colorectal carcinoma. J Pathol.
2002;196:37–43.

17. Jiang Y, Zhang C, Chen K, Chen Z, Sun Z, Zhang Z, et al. The
clinical significance of DC-SIGN and DC-SIGNR, which are
novel markers expressed in human colon cancer. PLoS ONE.
2014;9:e114748.

18. Zhang Y, Zhang Q, Zhang M, Yuan M, Wang Z, Zhang J, et al.
DC-SIGNR by influencing the lncRNA HNRNPKP2 upregulates
the expression of CXCR4 in gastric cancer liver metastasis. Mol
Cancer. 2017;16:78.

19. Zuo Y, Ren S, Wang M, Liu B, Yang J, Kuai X, et al. Novel roles
of liver sinusoidal endothelial cell lectin in colon carcinoma cell
adhesion, migration and in-vivo metastasis to the liver. Gut.
2013;62:1169–78.

20. Na H, Liu X, Li X, Zhang X, Wang Y, Wang Z, et al. Novel roles
of DC-SIGNR in colon cancer cell adhesion, migration, invasion,
and liver metastasis. J Hematol Oncol. 2017;10:28.

21. Xu F, Liu J, Liu D, Liu B, Wang M, Hu Z, et al. LSECtin
expressed on melanoma cells promotes tumor progression by
inhibiting antitumor T-cell responses. Cancer Res.
2014;74:3418–28.

22. Caparrós E, Munoz P, Sierra-Filardi E, Serrano-Gómez D, Puig-
Kröger A, Rodríguez-Fernández JL, et al. DC-SIGN ligation on
dendritic cells results in ERK and PI3K activation and modulates
cytokine production. Blood. 2006;107:3950–8.

23. Su N, Peng L, Xia B, Zhao Y, Xu A, Wang J, et al. Lyn is
involved in CD24-induced ERK1/2 activation in colorectal can-
cer. Mol Cancer. 2012;11:43.

24. Nicoloso MS, Spizzo R, Shimizu M, Rossi S, Calin GA.
MicroRNAs–the micro steering wheel of tumour metastases. Nat
Rev Cancer. 2009;9:293–302.

25. Zheng Q, Chen C, Guan H, Kang W, Yu C. Prognostic role of
microRNAs in human gastrointestinal cancer: a systematic review
and meta-analysis. Oncotarget. 2017;8:46611–23.

26. Zhang Z, Liu X, Feng B, Liu N, Wu Q, Han Y, et al. STIM1, a
direct target of microRNA-185, promotes tumor metastasis and is
associated with poor prognosis in colorectal cancer. Oncogene.
2015;34:4808–20.

27. Lin Z, He R, Luo H, Lu C, Ning Z, Wu Y, et al. Integrin-β5, a
miR-185-targeted gene, promotes hepatocellular carcinoma
tumorigenesis by regulating β-catenin stability. J Exp Clin Cancer
Res. 2018;37:17.

28. Liu S, Sun X, Wang M, Hou Y, Zhan Y, Jiang Y, et al. A
microRNA 221- and 222-mediated feedback loop maintains
constitutive activation of NFκB and STAT3 in colorectal cancer
cells. Gastroenterology. 2014;147:847–59.

29. Rokavec M, Öner MG, Li H, Jackstadt R, Jiang L, Lodygin D,
et al. IL-6R/STAT3/miR-34a feedback loop promotes EMT-
mediated colorectal cancer invasion and metastasis. J Clin
Investig. 2014;124:1853–67.

394 M. Yuan et al.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


30. Zhou AD, Diao LT, Xu H, Xiao ZD, Li JH, Zhou H, et al. β-
Catenin/LEF1 transactivates the microRNA-371-373 cluster that
modulates the Wnt/β-catenin-signaling pathway. Oncogene.
2012;31:2968–78.

31. Tang X, Zheng D, Hu P, Zeng Z, Li M, Tucker L, et al. Glycogen
synthase kinase 3 beta inhibits microRNA-183-96-182 cluster via
the β-Catenin/TCF/LEF-1 pathway in gastric cancer cells. Nucleic
Acids Res. 2014;42:2988–98.

32. Mummidi S, Catano G, Lam L, Hoefle A, Telles V, Begum K,
et al. Extensive repertoire of membrane-bound and soluble den-
dritic cell-specific ICAM-3-grabbing nonintegrin 1 (DC-SIGN1)
and DC-SIGN2 isoforms. Inter-individual variation in expression
of DC-SIGN transcripts. J Biol Chem. 2001;276:33196–212.

33. Cancer Genome Atlas Network. Comprehensive molecular
characterization of human colon and rectal cancer. Nature.
2012;487:330–7.

34. Bernhart SH, Tafer H, Mückstein U, Flamm C, Stadler PF,
Hofacker IL. Partition function and base pairing probabilities of
RNA heterodimers. Algorithms Mol Biol. 2006;1:3.

35. Bacac M, Stamenkovic I. Metastatic cancer cell. Annu Rev Pathol.
2008;3:221–47.

36. Yost C, Torres M, Miller JR, Huang E, Kimelman D, Moon RT.
The axis-inducing activity, stability, and subcellular distribution of
beta-catenin is regulated in Xenopus embryos by glycogen syn-
thase kinase 3. Genes Dev. 1996;10:1443–54.

37. Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA.
Inhibition of glycogen synthase kinase-3 by insulin mediated by
protein kinase B. Nature. 1995;378:785–9.

38. Ding Q, Xia W, Liu JC, Yang JY, Lee DF, Xia J, et al. Erk
associates with and primes GSK-3beta for its inactivation resulting
in upregulation of beta-catenin. Mol Cell. 2005;19:159–70.

39. Cadigan KM, Waterman ML. TCF/LEFs and Wnt signaling in the
nucleus. Cold Spring Harb Perspect Biol. 2012;4:a007906.

40. Pleiman CM, Hertz WM, Cambier JC. Activation of phosphati-
dylinositol-3’ kinase by Src-family kinase SH3 binding to the
p85 subunit. Science. 1994;263:1609–12.

41. Fournier S, Delespesse G, Rubio M, Biron G, Sarfati M. CD23
antigen regulation and signaling in chronic lymphocytic leukemia.
J Clin Investig. 1992;89:1312–21.

42. Bates RC, Edwards NS, Burns GF, Fisher DE. A CD44 survival
pathway triggers chemoresistance via lyn kinase and phosphoi-
nositide 3-kinase/Akt in colon carcinoma cells. Cancer Res.
2001;61:5275–83.

43. Ma L, Chen Y, Song X, Wang L, Zhao B, Yang Z, et al. Vitamin
C attenuates hemorrhagic hypotension induced epithelial-dendritic
cell transformation in rat intestines by maintaining GSK-3β
activity and E-cadherin expression. Shock. 2016;45:55–64.

44. He TC, Sparks AB, Rago C, Hermeking H, Zawel L, da Costa LT,
et al. Identification of c-MYC as a target of the APC pathway.
Science. 1998;281:1509–12.

45. Liao JM, Lu H. Autoregulatory suppression of c-Myc by miR-
185-3p. J Biol Chem. 2011;286:33901–9.

46. Linley A, Krysov S, Ponzoni M, Johnson PW, Packham G, Ste-
venson FK, et al. Lectin binding to surface Ig variable regions
provides a universal persistent activating signal for follicular
lymphoma cells. Blood. 2015;126:1902–10.

DC-SIGN–LEF1/TCF1–miR-185 feedback loop promotes colorectal cancer invasion and. . . 395


	DC-SIGN–nobreakLEF1/TCF1–nobreakmiR-185 feedback loop promotes colorectal cancer invasion and metastasis
	Abstract
	Introduction
	Results
	DC-SIGN is frequently upregulated and its positive expression is associated with poor prognosis in CRC
	DC-SIGN silencing inhibits CRC-cell growth and metastasis in�vitro and in�vivo
	miR-185 suppresses MMP-9 and VEGF expression and metastatic potential of CRC cells by targeting DC-SIGN
	miR-185/DC-SIGN signaling blocks β-catenin translocation through the PI3K/Akt/GSK-3β pathway
	DC-SIGN promotes CRC metastasis through PI3K/Akt/β-catenin activation in tyrosine kinase Lyn–nobreakdependent manner
	β-catenin/TCF1/LEF1 directly suppresses miR-185 expression in CRC cells
	The DC-SIGN–nobreakLEF1/TCF1–nobreakmiR-185 feedback loop is the characteristic of human CRC samples

	Discussion
	Materials and methods
	Clinical samples
	Cell culture and reagents
	Plasmids construction, siRNA treatment, and lentivirus transduction
	Double-staining immunohistochemistry
	Flow cytometry
	Immunofluorescence and confocal microscopy analyses
	Enzyme-linked immunosorbent assay (ELISA)
	Immunoprecipitation and western blot
	Quantitative real-time PCR
	Protein stability assay
	Cell proliferation assay
	Colony formation assay
	Transwell and wound healing assays
	Gelatin zymography
	Tube formation assays
	Phospho-kinase antibody array
	In situ hybridization
	Luciferase reporter assay
	Chromatin immunoprecipitation assay
	Mouse xenograft and metastasis model
	Fluorescence imaging and analysis
	Statistical analysis
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	ACKNOWLEDGMENTS
	References




